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FOURTH INTERNATIONAL CONFERENCE OF THE UNITED
NATIONS ON THE PEACEFUL USE OF ATOMIC ENERGY
PROSPECTS OF THE DEVELOPMENT OF NUCLEAR

POWER IN THE USSR*

A. M. Petros'yants, A. P. Aleksa_ndrov,
N. A. Dollezhal', and A. I. Leipunskii

. The Fourth International Conference of the United Nations Organization on the Use of Atomic Energy
. for Peaceful Purposes is being held under conditions in which large industrial atomic power stations are
already in operation in a number of countries, and the extensive construction of these is being developed.
The seven years which have elapsed since the Third Conference have been years of the intensive and suc-
cessful economic assertion of nuclear power as a new source of electrical power production. The sixties
were mainly characterized by the search for the best types of reactors and their development under con-
ditions of industrial use. We have now embarked upon a period characterized by the practical use of atomic
power stations based on a comparatively limited number of types and modified versions of thermal reac-
tors (two or three for the whole country).

The large -scale construction, design, and prospective development of atomic power stations in a
large number of countries bear witness to the ever-growing (and in some countries decisive) part to be
played by nuclear power, even in the immediate future. Nuclear power forms a vast branch of the whole
power industry [1]. :

The efficiency and economic effectiveness of the use of atomic power stations may already be esti-
mated in terms of a real delivery of power on the industrial scale. The value of atomic power-station de-
velopment will plainly continue to increase.

No less important is the moral implication of the affair. Advances in nuclear power indicate that
this important discovery of the present epoch —atomic energy —may and should be widely employed for
peaceful purposes to the benefit of the whole of Mankind.

Factors Determining the Approach to the Development

of Nuclear Power in the USSR

The Soviet Union belongs to the group of nations blessed with vast natural power resources. In re-
cent years vast new reserves of coal, oil, and gas have been discovered. The fuel and power basis is being |
intensively developed. The production of electrical power is increasing annually by 7-8%, and in 1970
it stood at 740 billion kWh. The power of all the electrical power stations in the country has now reached
170 million kW.

Economical thermal power stations with powers of 1200, 2400, and 3600 MW are being constructed.
These are equipped with power units of 200, 300, 500, and 800 MW, including those using hypercritical steam
parameters. Electrical networks of 400, 500, and 750 kV are being developed. The transmission of direct
current at 800 kV has been adopted. Work is proceeding on the creation and adoption of electrical trans-
mission at 1000-1200 kV (ac) and 1500 kV (dc).

The reserves of organic fuel in the Soviet Union would enable us to solve the problem of the further
development of energy sources simply on the basis of classical methods. However, there is a certain mis-
match in the Soviet Union between the siting of the economic power reserves and the power users.

*This and the articles which follow comprise the contributions of Soviet scientists to the Conference held
in Geneva, September 6-16, 1971, '

State Committee on the Use of Atomic Energy in the USSR. Translated from Atomnaya Energiya,
Vol. 31, No. 4, pp. 315-323, October, 1971.

© 1972 Consultants Bureau, a division of Plenum Publishing Corporation, 227 West 17th Street, New York,
N. Y. 10011. All rights reserved. This article cannot be reproduced for any purpose whatsoever without
permission of the publisker. A copy of this article is available from the publisher for $15.00. '
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The eastern parts of the country have a vast potential of fuel and power and extremely favorable
technical and economic conditions for the use of power resources. The power resources of Kazakhstan,
Siberia, and Central Asia are particularly great.

The industry of the European part of the USSR and the Urals, which has a material —technological
basis, labor reserves, and the necessary raw material, nevertheless experiences a growing deficiency
in economic fuel and power resources. .

Thus the question as to the scale and tempo of the growth of nuclear power in the power supplies
of the Soviet Union constitutes a predominantly economic problem, and is mainly being solved for the Eu-
ropean part of the country. o

In recent years a number of calculations have been made regarding the changing economic conditions,
and many scientific-research and design-engineering projects have been undertaken in connection with
perfecting the types of reactors accepted for construction in the USSR for atomic power stations. The re-
sults of these investigations have shown that the economic indices obtainable in atomic power stations
under the new conditions are in complete accordance with economic requirements.

Atomic Power Stations of the USSR

After the initiation of the world's first atomic power station in Obninsk in the Soviet Union, the de-
velopment of large atomic power stations, as safe and economically efficient as possible, with a service
life of 25-30 years has proceeded with great vigor. The purpose of these developments lay in preparing for
the creation of a system of atomic power stations consisting of "first-stage " atomic power stations (using
thermal -neutron reactors), providing for the development of electrical power over the European part of
the USSR at a lower cost than power stations using ordinary fuel.

Apart from producing electrical power, these power stations also create the fuel required for the
future introduction of "second-stage" atomic power stations, based on fast neutrons. These second-stage
reactors should possess such a breeding factor as will guarantee the growth tempo needed in the country
in order to provide the nuclear fuel for later-developed fast reactors, which in turn should produce power
on any desired scale.

In the course of these investigations, the Soviet Union has constructed industrial power stations of
various types, using both thermal and fast neutrons, so as to accumulate extensive engineering experience.
The design, construction, and practical use of these has yielded a great deal of experience and produced
teams of specialists, as well as developing atomic engineering; it has enabled designs to be developed and
the construction of large thermal-neutron atomic power stations to be initiated, these forming part of the sys-
tem of first-stage atomic poWer stations.

The favorable situation as regards ordinary fuel in the Soviet Union (the development of open-cast -
mining for very cheap coal in Kazakhstan (Ekibastuz coal basin), the discovery of o0il and gas fields in
Western Siberia, the use of powerful hydroelectric power resources) has allowed us to develop nuclear
power at a moderate tempo, without any unjustified expenses.

Considering the rapid growth in the call for classical electric power in the Soviet Union and the high
cost of long hauls of fuel from East to West, it may readily be seen that'the economy resulting from the
development of nuclear power in the European part of the Union, in the Caucasus, and later in the Urals
will continue to increase as the scale of power advances. '

Thus in the five years now beginning (1971-1975) it is proposed to make a considerable advance in
" nuclear power by constructing large power stations incorporating reactors with a specific power of 1 mil-
~lion kW and over, and initiating atomic power stations of 6-8 million kW so as to bring the total atomic-
power -station capacity in the next five years to 30 million kW.

After their imminent introduction, the first-stage atomic power stations will mainly work under con-
ditions of basic loading, so as to guarantee the fulfiliment of their second function, the preparation of
plutonium for use in the second-stage atomic power stations with fast-neutron reactors.

The construction of first-stage thermalsreactors will continue until 1980-1985, with a subsequent
transition to the construction of atomic power stations with second-stage reactors using fast neutrons.
These second-stage atomic power stations, as they come into action, will take on the basic loading, while
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TABLE 1. Development of Water-Cooled Water- the-thermal -neutron reactors will gradually, and
Moderated Reactors as needed, be converted to the half—peak mode of
o control .
(=) [T < [l
& 3 I |2 s ose Tipes .
Characteristic 2 & A At the moment it is difficult to predict the
E I~ R optimum combination of thermal and fast reac-
e == tors and the specific extent of the individual
} Power, MW: o 13 | o \ 006 stages. These will depend on a number of fac-
‘ i 201365 | 4 10 : .
| electrical ..o 2L 0| 25 3000 tors, such as, for example, the cost of uranium
Saturated steam pressure in front of ’ and the economics of fast reactors. However,
the turbine, atm. . ........... 29 | 29 | 44 | 60 it is vital to ensure that the production of large-
Pressure in reactor vessel, atm., . ... 100 105 125 160

scale power and the rate of its growth should be

Active zone: as intensitive as possible to conjectural changes

intensi i 46 3 |1 i . . o

power intensity, kWw/liter T | 80 8 in the price of natural uranium.  This will only
number of fuel cassettes . . ... ... 1343 1 M9 349 5t - be possible by having a balanced plutonium fuel
number of fuel elements in a cas- ' cycle, providing for the growth of power by virtue
SSEIIE o vv e 90 126 126 1331 of the fast-neutron reactors at the tempo required
material of fuel-element cans . . . . Zirconium alloy for the whole country, i.e., doubling the power in
uranium charge, tons. . . ....... 38 40 A2 66 . y . ' ) )
enrichment of added uranium,% . . .| 2.8 | 3,0 | 3,5 | 4.4 a period of the order of eight years or under.
depth of bum-up, MW - days/ton U: The foregoing considerations influence the
AVETAgE. . . i 13000} 27 000 28 600| 40 000 choice of the types of reactors to be used in the
MaXiMUI | o r e s o e o o s oo o a s 19 000| 41 000] 42 000] 4% 000 Soviet Union.

Number of circulating loops per reac-
e 6 8 6 4 :

Number and power of the turbogenera-| i i i
tOrS (MW). «+ + v s v vvvnn s B A 3x70 | 5% 73 |2xa2d2x500 Atomic Power Stations with

Reactors of the Vessel Ty‘pe.

It is well known that the construction of
vessel-type reactors, using thermal neutrons, is -
developing in the direction of one-circuit systems, with the boiling of water in the active zone, and two-
circuit systems, with the production of steam in steam generators. In the Soviet Union reactors of this kind
have been established in the already-working Melekess atomic power station, in the first and second units
of the Novo Voronezh atomic power station, and in the third and fourth units of this station now under con-
struction, in Kol'sk, and elsewhere (Table 1). ‘

Vessel-type reactors are among the most acceptable for practical use; they are distinguished by a
high degree of compactness, simplicity of the arrangement, a small amount of construction materials in
the active zone, and a relatively low cost. As regards specific power capacity, they are at present among
the very best. However, these important advantages are accompanied by certain shortcomings, the im-
portance of which increases with increasing specific power. The first shortcoming is the difficulty of ob-
taining adequate information enabling the development of defects in the reactor vessel and in the associated
large pipes (particularly in regions close to the vessel) to be predicted during the operation of the station.
This aspect plays a major part in large atomic power stations in view of the necessity of welding larger and
larger parts together during assembly on the site of the power station, rather than under factory conditions.

The neutron losses associated with the necessity of compensating the excess reactivity at the start
of a campaign and with absorption in the slags at the end leads to a reduction in the breeding of fuel in the
reactor, particularly in the case of deep burn-up. On the whole, the fuel cycle of these reactors is at present
hard to control, since the loading frequency of the fuel may only be varied within certain limits, although
even here there is a reasonable hope of progress, for example, the use of the plutonium eycle now in pros-
pect, or the use of charges more heavily enriched with uranium. '

We have now arrived at the development of the first stage of nuclear power. At the present time we
are constructing atomic power stations of 880 MW with two reactors of 440 MW each.

The decision to build these atomic power stations as standard was preceded by prolonged service of
the Novo Voronezh atomic power station and a careful revision of its reactors, together with appreciable
repair work. In the standard designs now in existence, we have allowed for all the experience so achieved,
and at the present time the construction of atomic power stations with these reactors in the center of Rus-
sia, in the Kol 'sk peninsula, in the Caucasus, and in the Ukraine is technologically and economically viable;
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TABLE 2. Development of Power Reactors of the Channel Type with a Graphite Modera-
tor and Ordinary Water as Coolant

Characteristic BAES-1 BAES-2 RBMK=1000 | RBM=-KP-2000
Power, MW:
electrical. . .. ... ... 100 200 100v 2000
’ thermal. . ... vh v iy 286 530 3200 5 620
Steam parameters in front of the turbine:
PIESSUIE, atM . . v o v v v v v v v e v e o v e o s 90 90 70 65
temnperature,“C ... ...t 500 500 284 450
Active zone:
diameter,m..................... 7,2 7,2 11,8 13,5
height, m................ ... .... 6 6 7 7
Number of working channels (including super=
heating). . o v v v veeveeiremn e 998(268) | 998(266) 1690 1404 (354)
Number of fuel elements inchannel. . . . . . . 6 18 363
Mean uranjum enrichment,% . ... ....... 1,8 3,0 1,8 2#’
Mean depth of bum-up, MW - days/ton U. 4000 14600 13000 24 000
Energy intensity of fuel, MW/ton . . ... ... 4,3 11,3 17,8 19,2
Material of fuel-elementcans . ......... Stainless steel | Stainless steel | Zirconium Superheating
alloy channels, zirco-
nium +stainless
steel, evapora-
ting channels,
zirconium alloy
Number and power of turbines (MW). . . . ... 1x 100 2x100 2x 500 2:x1000

a few such stations are also being built with the help of the Soviet Union in other countries. The economic
indices of these atomic power stations in all the regionsindicated are somewhat better than those of power
stations using ordinary fuel [2].

_ It is particularly advantageous in our popular economy to use these atomic power stations in place
of the earlier-proposed condensation-type hlgh—parameter power stations based on coal and shale.

The next step in the development of reactors of this type is the construction of atomic power stations
with two reactors of 1000 MW each. The first such reactor will be placed in the Novo Voronezh atomic
_power station, thetotal power of which will then reach 2.5 million kW.

This reactor will constitute a four-loop installation with a power of 250 MW in each loop.

The vessel and roof of the reactor, like the vessel of the 440 MW reactors, will be made of high-
strength heat- and radiation-resistant steel, the properties of which we have studied very fully. The struc-
tural changes taking place in these steels under the influence of radiation are far less than in mild steels,
since the high-strength steels have a more extended range of ductility and retain a reliable bearing capacity
up to integrated irradiation doses an order of magnitude greater than that received in 30 years use of the
atomic power station.

As construction material for the active zone we use a high-strength zirconium —niobium alloy (2.5%
Nb) having a high corrosion resistance under conditions of irradiation, and for the cans of the fuel elements
of zirconium alloy containing 1% niobium.

We do not intend to construct any vessel-type reactors with a power of over 1 million kW in a single
vessel. Intermediate powers between 440 and 1000 MW are unnecessary. In this respect there may very
well be a gradual transition from six-loop and two-turbogenerator systems to a 500 MW unit with two loops
and one turbogenerator. All the equipment of the loops will be made uniform with that of the 1000 MW four-
loop vessel-type atomic power station. This will avoid the necessity of developing and running equipment
of different types.

It is quite clear that the transition to the unit realization (high-power reactor and turbogenerator)
indicated should be accompanied by a general improvement and an increased reliability in the electrical
part of power systems incorporating atomic power stations. Up to the present the overwhelming proportmn
of brief shut-downs in atomic power stations have been due to faults in the electrical rather than the re-
actor part, and this has to a certain extent decided our choice of one reactor to two turbogenerators. How-
ever, this arrangement does slightly increase the cost of the station, which is undesirable as the number of
atomic power stations becomes greater; the unit arrangement will therefore come into operation in the
future.
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Atomic Power Stations with Reactors of the Channel

Type Having a Graphite Moderator’

The history of the development of power reactors of this type started with the initiation of the First
Atomic Power Station in 1954. Later the following were constructed and put into service: in 1958 the
Siberian atomic power station (over 600 MW), in 1964 the first and in 1967 the second units of the I. V.
Kurchatov Beloyarsk atomic power station (total power 300 MW). The use of the two reactors in the Belo-
yarsk atomic power station has demonstrated their high radiation safety and reliability. Prolonged opera-
tion of the station has demonstrated the possibility of achieving the nuclear superheating of steam on the
industrial scale [1]. :

The channel principle of construction as an alternative to the vessel principle is promising from
many points of view; it facilitates the attainment of extremely high specific electrical powers (1000 MW
and over), an increase,.in the parameters of the coolant (and hence the efficiency), flexibility in service and
ease in recharging the nuclear fuel, and-the absence of cumbersome vessels, which are difficult to con-
struct and transport. Theseleadingfeatures technically and economically justify our intention to introduce
powerful reactors of this type into the nuclear power system of the USSR [3].

The next ‘step in the development of the channel principle of construction was the development of the
1000 MWRBMK-1000 reactor,whichdiffers from the reactors of the Beloyarsk atomic power station in the-
following ways:

1) in the active zone, instead of stainless steel the main construction materials are zirconium al-
loys, which greatly improve the neutron balance, but require a reduction in the parameters of the coolant;

2) rod-type fuel elements are used in the working channels;

3) the specific power is considerably increased.

In the act1ve zone of the. RBMK-1000 reactor the use of the nuclear fuel is cons1derably improved.
The use of the zirconium alloy as construction material, UO, as fuel, and graphite as moderator, and also
the optimization of the physical and thermotechnological parameters of the reactor, have increased the
depth of burn-up of the nuclear fuel to 18,000 MW -days/ton, and the energy intensity of the fuel to 17.8

MW/ ton.
The RBMK-1000 reactor is taken as standard in several two-reactor 2000 MW atomic power stations

now being constructed. The first of these atomic power stations (Leningrad) is in the stage of equipment
assembly [3].

We consider that a leading advantage of this reactor is the fact that the division of the active zone
into individual channels of smallish cross section alleviates any hazard associated with a breakdown of
airtightness in individual channels or even groups of these.- Any defective channel in the active zone may
be replaced. In channel - -type reactors, service channels of large diameters may be entirely eliminated or
brought out to points easily accessible for regulation. Any channel may be discharged with the reactor
in operation, without stopping the power station, and the fuel cycle is therefore easily regulated. A dis-
advantage is the fact that these reactors have mbre extensively -developed pipelines for the active coolant;
they are less compact, require greater construction space, and the capital outlay on them is therefore ap-
preciably higher than in the atomic power stations with vessel-type reactors. However, the possibility
of easily rearranging the fuel cycle for purposes of optimization, the fact that the active zone is made up of
standard mass-produced parts of low cost and technologically high quality, and also the fact that reactors
of practically any power, for example, 2 million kW, may be made from these parts, makes such reactors
extremely attractive.

There is still scope for increased compactness in channel-type reactors.

We have thus come to the conclusion that, for specific electric power of about 1_million kW and over,
channel reactors are entirely competitive with those of the vessel type. The use of reactors of the type
in question has confirmed their great reliability and ease of repair [4].

Since these reactors rest on a broader industrial basis and, as regards their thermal cycle, are more

efficient at creatingithe fuel needed for 1nLr_o_du_c;ng_the_s_e_c_ogd —stage fast-neutron reactors, a large pro-
portion of the Soviet Union's efforts will be devoted toward the creation of channel reactors as well as
vessel -type nuclear power stations.
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TABLE 3. Principal Characteristics of Fast-Neutron Reactors

]
Characteristic BOR-60 l BN-350 BN-600
Power, MW:
thermal. . . ... ... L 60 1000 1450
electrical . ...... ... ... 12 350 or 150 MW
(el.)and 120,000
. m¥day water
Depth of burn=up, %r. . . . .o o v ovi e 10 9 10
Coolant of first and second cirqujts . . ... ........ Na Na Na
Flow in loop of first circuit, m*h. .. ........... 500 3200 4000
Time between rechargings, days. . .. ........... 145 50 150
Diameter of active ZONe, CIM. « v v v v v v v v v g w e v nn 40 : 160 205
Temperature of sodium at optlet from reactor,”C. . . . 2 5 3
Mean energy intensity, kW/liter. . .. . .......... 800 470 550
Steam parameters in front of turbine: - . :
emperature, G . .o vt e e e e 500—540 440 500
PIESSUTE, ATM & v v v v v e ve v ce ot vt e iee e s 90 50 130

Channel reactors offer the possibility of producing superheated steam, as clearly demonstrated by
experience with the two reactors of the Beloyarsk power station.

This possibility should be economically realized after creating zirconium alloys (which have a low
neutron absorption) for the channels and casings of the superheating elements. In certain cases, however,
for example, in producing high temperature and pressure industrial steam in places with difficult access
for the fuel, or in a number of cases in the heating of northern cities, superheating elements with steel
casings may also prove desirable, and as need arises such reactors will be constructed, if fast-neutron
reactors with high steam parameters are not more economical.

As the next step in the development of reactors of this type, we may consider the design of a reactor
with steam superheating of the RBM-KP-2000 type (2000 MW electrical). The characteristics of this reactor
are presented in Table 2.

Another possible development is the further improvement of channel reactors, without nuclear super-
heating of the steam. An increase in the energy intensity of the fuel and the optimization of the physical and
thermal characteristics of the active zone should enable us to bring the power of this reactor up to 2000
MW (electrical). This will open the way for a further increase in the economy of atomic power stations
with channel reactors.

At the first stage of development, a large proportion of the atomic power stations with reactors
of both the vessel and channel types will operate in a mode of basic loading. This is due not only to economic
considerations but also the desirability of achieving a maximum supply of fuel for the reactors in the second
stage of development of nuclear power.

In regions with the most expensive fuel, in which atomic power stations will naturally predominate,
it will gradually become necessary to convert some of the atomic power stations into the regulation mode.

We shall have to make this conversion for those atomic power stations which produce the lowest yield
of plutonium, and the operation of these will have to be bptimized for 4-5 thousand hours per year. Re-
taining one recharging per year, this will enable us, for example, to convert the stations to less enriched
fuel. It is not impossible that it may yet become desirable to create specialized atomic power stations op-
timized for 5000 h/year. We may reasonably expect thatthe need for this will arise no earlier than 1985,
when a considerable proportion of the basic loading will be taken on by atomic power stations of the second
stage with fast-neutron reactors (Table 3). For these atomic power stations, the use of the uranium —thor-
ium fuel cycle will be extremely attractive. :

Atomic Power Stations Using Fast-Neutron Reactors

The dominant quality of these reactors is their more efficient use of the original nuclear fuel and
the possibility of attracting U8 and also thorium into the fuel cycle; this factor has decided the important
role assigned to Soviet fast-neutron reactors in the nuclear power of the future. Historically, thermal re-
actors became viable far in advance of the more complicated fast-neutron reactors. Many technical and
scientific problems have to be solved and experience gained in experimental models before powerful, highly -
economic and reliable fast power reactors can be manufactured and taken into service. It is well known that
these reactors are particularly efficient for plutonium loading, and they may accordingly very well be taken
in conjunction with thermal reactors.
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Intensive investigations are taking place in the USSR in relation to fast reactors. A series of ex-
perimental fast reactors of low thermal power has been constructed (BR-1, BR-2, BR-3, BR-5, BFS).

After these small experimental reactors based on fast neutrons, the BOR-60 reactor was built in
Melekess; this yielded electrical power in 1970. The construction of an atomic power station with a BN-350
reactor is being completed in Shevchenko, together with a desalination plant. The construction of the third
Beloyarsk atomic power station with a BN-600 reactor has also begun. The use of these reactors offers the
possibility of obtaining the necessary experience and developing the fuel cycle in all its details. The aim
is to achieve the tempo needed for our economy by doubling the power of the second-stage atomic power
| stations in a period of the order of eight years, with very little or no introduction of fuel from outside
L into the fuel cycle of these atomic power stations. It is quite possible that, at the very beginning, some of
the fast reactors will have to be supplied with uranium fuel [5].

The construction of second-stage atomic power stations on the large scale will be carried out as ex-
perience accumulates in operating the first atomic power stations, and as the engineering and fuel -cycle
capabilities develop. The fast-neutron reactors and their fuel eycle should then reduce the doubling time,
first to 8-9 and then to 6-8 years. We have worked out a number of promising ways of achieving this end
in concert with the other socialist countries [6]. For this purpose we are developing atomic power stations
of 1000-1500 MW, optimized with respect to their technical and economic indices and the breeding of nu-
clear fuel.

It would appear likely that, on successfully solving the problem of fast reactors, the development of
electrical power in the whole of the European part of the Soviet Union will proceed mainly by way of the
construction of atomic power stations with fast-neutron reactors from 1985 and onward.

Estimation of the Prospects up to the Year 2000

The successful adoption of large industrial atomic power stations in the USSR and the initiation of a
broad program for the construction of these enables us to set out the prospects for the development of
nuclear power in the country to the end of this century. Nuclear power is part of a general and unified
system of power production; hence in attempting any long-term prediction of its development we must in-
clude generalized predictions as to the total power required in the country, the character and structure
of the demands made on the system, and the mode of use of the power-generating services.

It is quite clear that any quantitative estimates of the growth in the various sources of electrical
power (including nuclear power) over a period of 30 years involve a certain probability factor. Considering
the very progress of nuclear power, the rate of change of many operative factors, their magnitude, and
their time dependence can hardly be determined accurately over such a long period. The long-term pre-
diction of the development of nuclear power is thus, on the whole, a problem in which existing laws may .
well change under the influence of as-yet unknown events or factors [7].

The main power reserve of the country will continue to be organic fuel up to the year 2000. Nuclear

‘power will be employed for supplying energy to those parts of the country in which the economic effect
of its use will be maximal. According to present predictions, the proportion of totai power which will be
produced by atomic power stations in the country may well rise sharply over the next few years, so that the

construction of new condensation-type thermal power stations in a number of regions of the European part
of the USSR will practically cease.

Under the conditions existing in the European part of the USSR, the reserve of economic competitive -
ness of the new and improved atomic power stations with thermal reactors is fairly considerable. This
will justify a certain increase in the specific expenditure on the mining of uranium, provided that the whole
economy arising from the effects of other factors leading to an improvement in the economy of the atomic
power stations (increased specific power, depth of burn-up, and efficiency, reduction in the expenditure on
the manufacture of fuel elements, cheapening of the construction and shortening of the time involved, etc.)

will compensate this increase, and the economic competitiveness of nuclear power as a whole will be pre-
served.

The main strategy governing the development of nuclear power in the USSR is aimed at the all-round
and accelerated development and introduction of fast reactors with an expanded breeding of fuel.

As the construction of standard and powerful fast reactors begins, the total power of atomic power
stations with thermal reactors in the Soviet Union will reach tens of millions of kilowatts. Hence the atomic
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power stations with fast reactors will in fact be incorporated into an already well-developed system of
nuclear power. The amount of plutonium which will have accumulated in the thermal reactors by that time,
and which will be used for charging the first industrial fast reactors, will ensure the development of the
same order of power from the fast reactors. From this time onward, the ratio between the contributions
of the thermal and fast reactors to the total power will move in the factor of the latter.

The intensive growth of nuclear-power capabilities may be ensured by introducing extremely large
power units in atomic power stations. In this respect, channel reactors would appear the more promising;
their specific power in the period under consideration may well increase to 2~3 million kW (electrical) or
even more. The contribution of such reactors to the increasing capabilities of nuclear power may very well
become greater, since vessel-type reactors will probably have to be restricted to powers of no greater than
1000 MW (electrical), because of the difficulty of transporting them by rail.

As regards the optimum specific powers of fast reactors, this problem will have to be solved with due
regard to their vital functional purpose, namely, the supply of plutonium for developing further nuclear
power. Considering the extremely large specific powers of the fast breeders, it may prove difficult to
place them at the basis of the loading graph of the power systems, as is essential for the purpose in question.

At the present stage, the question as to the standardization and unification of the structural and con-
structional realizations of the atomic power stations and their integral parts takes on a special significance.
A number of specific demands made on the materials and equipment, and the special character of the use,
servicing, and repair of atomic power stations, necessitate the further development of specialized engineer-
ing, which constitutes a decisive factor in the reliability and economic efficiency of atomic power stations.

In addition to the use of condensation-type atomic power stations, an important contemporary prob-
lem is the wide use of nuclear reactors for the production of other forms of output in addition to electrical
power: heat, fresh water, chemical products, and cold. Outstanding among these problems are the develop~
ment of "atomic" central heating and also the production of large quantities of fresh water by the distilla-
tion of salt water, using reactors as-a_source of heat.

The successful use of the first nuclear power stations and their freedom from radiation hazard [8, 9]
create confidence in the possible siting of atomic thermal power stations close to large cities. Apart from
economy in the length of the heat pipelines, this simultaneously leads to the solution of another problem,
that of combating the contamination of the air and surrounding territory with combustion products. The con-
tamination of the air in large cities, arising largely from the ordinary thermal power stations supplying
them with heat, not only saps the health of the people but also changes the face of Nature. Atomic con-
densation-type or central-heating power stations eliminate such contamination of the air, while still en-
suring radiation safety. From this point of view, the best technological principle lies in the construction
of the working channels of the Beloyarsk atomic power station. The construction of the fuel elements of this
atomic power station, as long service experience confirms, eliminates the fall-out of radioactive fission
products into the circuit and ensures an excellent radiation environment both inside and outside the atomic
power station. : ‘

Another extremely important popular-economy problem, the production of fresh water from salt,
using the heat from nuclear reactors on the industrial scale, is already beingsolved inthe Soviet Union by
the erection of a large atomic power station in the city of Shevchenko. This city lies on the eastern shore
of the Caspian sea, where there are no natural sources of fresh water. With the starting of this atomic
power station, the water supply for the city and the surrounding region has been vastly improved. Here
we have what is essentially the development of a large agroindustrial complex based on the use of atomic
energy.

A study of the prospects of the development of nuclear power shows that the extensive construction
of atomic power stations is desirable, not only because of their higher economy relative to that of stations
working on ordinary fuel, but also (and no less important) because the extremely high calorie content of
nuclear fuel leads to a substantial economy in the labor resources occupied in the mining of organic fuel
and its transportation. '

The development of the popular economy of the USSR in the long-range view (up to the year 2000)
will demand such an expenditure of fuel and power resources as will necessitate a radical change in the
structure of the incoming part of these resources.
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The basis of this change may well be nuclear power, which by the year 2000 will have been converted
into a fundamentdl branch of the fuel and electrical -power economy of the country.

It is precisely these questions which will determine the scale, the prospects, and the methods of
development of nuclear power in the Soviet Union in the period culminating at the end of the century.
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DEVELOPMENT OF ATOMIC POWER PLANTS WITH
WATER-MODERATED, WATER-COOLED REACTORS
IN THE SOVIET UNION

V. P. Denisov, Yu. V. Markov,
V. A. Sidorenko, S. A. Skvortsov,
V. V. Stekol'nikov, and L. M. Voronin

Atomic power plants with water-cooled, water-moderated reactors are widely used in the nuclear
power system of the Soviet Union. Several installation with such reactors have been developed: the VVER-
210, VVER-365, VVER-440, and VVER-1000 (the number glves the gross electrical power of the reactor
in megawatts).

Chronologically and technologically, we can divide these reactors into three generations: a first
generation consisting of the experimental -production VVER-210 and VVER-365 reactors, although the latter
occupies a somewhat special position, characterizing the transition from the first generation to the second;
a second generation, consisting of several versions of the moderate -power VVER-440 serial -production
reactor; and a third generation consisting of the high-power- VVER-1000 serial-production reactor.

Paths toward the Improvement of Water-Cooled, '

Water-Moderated Reactors

The VVﬁR-ZlO and VVER-365 reactors have been in use as the first and second units of the Novo-
Voronezh Atomic Power Plant (NVAPP) since 1964 and 1969, respectively. The VVER-70 reactor, con-
structed by the USSR in the German Democratic Republic for the Rainsberg Atomic Power Plant, and in
use since 1966, may be added to the list of first-generation reactors. The second-generation VVER-440
(Fig. 1) are used in the third and fourth units at the NVAPP; the Kol'skii and Armenian Atomic Power
Plants; the plants built in the GDR, Bulgaria, Finland; and in those planned in other countries. The reactor
of the third unit of the NVAPP is currently near the end of construction. The th1rd-generat10n reactor
VVER-1000 was designed for use in planned atomic power plants. The main unit, with a VVER-1000 re-
actor (Fig. 2), is planned for construction at the NVAPP (fifth unit).

The basic considerations involved in the design and construction of each reactor were to make use
of factory -built vessels and railroad transportation. Factory manufacture largely satisfies the require-
ments for quality and reliability over long periods of use. When railroad transportation is feasible, atomic
power plants can be built in many regions of the USSR and in other countries.

The vessel size used in the very first unit of the NVAPP (VVER—ZIO) was essentially the maximum

permissible fo ilroad transportation, so the transition to higher powers has primarily involved more

efficient use of the vessel volume. Improvements in the design and manufacture accompanied an increase -
in the working pressure and a corresponding increase in the efficiency of the thermodynamic cycle; along
with an increase in the size of the basic equipment of the installation, this has resulted in increased pro-
ductivity of the atomic power plants.

Table 1 shows the basic technical characteristics of the reactors.

Experience gained in the operation of the first unit of the NVAPP [1, 2] showed that the possibilities
of the active zone of this size (H =2.5 m, D = 2.9 m) were far from being exhausted. It was shown [3] that

State Committee on the Use of Atomic Energy in the USSR. Translated from Atomnaya ﬁnergiya,
Vol. 31, No. 4, pp. 323-333, October, 1971.
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N. Y. 10011. Al rights reserved. This article cannot be reproduced for any purpose whatsoever without
permission of the publisher. A copy of this article is available from the publisher for $15.00.
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improvement of the active zone by means of measures taken to balance the neutron field permit 75% more
power in the same volume, i .e., an increase of the active -zone power to 1300-1400 MW (thermal).

In the design of the second unit of the NVAPP (VVE‘R—'365), it was decided to proceed on the basis
of proven engineering solutions and basic manufacturing equipment in order to accelerate the construction
" of the reactor and thus more rapidly gain experience in the operation of an active zone with a high electrical
| power. The basic principles and methods of implementing the engineering decisions adopted regarding the
! construction of this reactor are described in [3, 4].

While the second unit was being designed, work was begun on the developmerit of the VVER-440 re-
actor, intended to serve as a "serial-production" version for the construction of several atomic power
plants. This installation uses an active zone of essentially the same power as in the second unit, but the
electrical power is higher because of an increased overall plant efficiency (to 32%). The increase in the
saturated-vapor pressure before the turbine which is required here is achieved by increasing the working
pressure in the reactor vessel to 125 kg/cm? (Table 1). In addition, the power equipment was increased in
size, by means of two 220-MW turbogenerators. The VVER-365 and VVER-440 reactors, based on the
VVER-210, despite some differences in technical indices, incorporate the same fundamental solutions re-

garding the active zone, including the reactivity —compensation system, and regarding the basic reactor
equipment.

The .VV’E')R—1000 reactor is based on slightly different fundamental engineering solutions. This high
power is achieved by means of the following measures: a) there is more efficient use of the vessel volume
because of a change from the reactivity —compensation method used for the preceding reactors, based on
"two-story" control mechanisms (the fuel, linked with the neutron trap-absorber), to "single-story" clusters
of absorber rods combined with a_chemical control method. This permits an increase in the size of the
active zone within a vessel which can be transported by railroad; b) a further increase in the specific elec-
trical power of the activezone is achieved through an equalization of the neutron field and an increase in the
degree of fuel burn-up; c) the characteristics of the primary coolant are improved, and there is a simul-
taneous increase in the unit power of the basic equipment in the first circuit through the use of highly ef-

ficient pumps whose rotating parts have a high inertia; d) powerful turbogenerators are used with more
efficient vapor parameters.

The fuel used in all these reactors is baked urapnium dioxide having a density of about 10.4 g_/_g_nf,
clad in tubular jackets of a zirconium alloy with 1%_niobium equal in length to the height of the active zone.
In all the reactors the active zone is made from hexagonal cassettes. The reactor of the second unit of the
NVAPP and all subsequent reactors use fuel elements having an outside diameter of 9.1 mm with a core
7.55 mm in diameter (in the first unit, the fuel elements have an outside diameter of 10.2 mm); these ele-
ments were developed in connection with the production of the VVER-365 reactor in order to increase the
size of the heat-exchange surface in the active zone.

_ The reactors operate with three partial fuel rechargings per run. In all the reactors_except_the
VVER-210, the recharging procedure always involves positioning of the fresher fuel at the periphery of the
active zone and its subsequent movement to the central region of the zone (where it stays for two_working
Jberiods), from which it is ultimately discharged. This procedure of moving the fuel results in the neces-
sary equalization of heat evolution in the active zone; combined with measures to increase the heat-exchange
surface area, it produces the necessary thermal power of the active zone while maintaining the thermal
parameters within safe limits. In addition, the difference between the average and maximum consumption
of the discharged fuel is reduced. The working periods between rechargings are planned to be_6500-7000
eff.h; this will result in efficient use of the plant power and will permit recharging once annually, during

the spring —summer period convenient for power systems. ?able Tshows the particular enrichment, loading,
and consumption values adopted.

The procedure by which the fuel is moved during a recharging from the periphery to the center re-
sults in increased breeding at the edge of the active zone and increased danger that criticality will result
at the periphery of the reactor in the cold state. Combined with the increased initial reactivity reserve,
this circumstance forces an increase in the compensation capability of the control and shielding system,
at the transition from the active zone of the VVER-210 to subsequent zones.

The compensating capability of the absorber syétem with a water trap for fast neutrons is governed
primarily by the absorber size and spacing in the active zone. In order to suppress excess reactivity at
the periphery of the active zone by means of mechanical absorbers, a grid of absorbers is arranged at
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Fig. 1. The VVER-400 reactor. 1) Active zone; 2)auto-
matic control actuator; 3) upper unit; 4) frame; 5) shaft.

Fig. 2. The VVER-1000 reactor. 1) Upper unit with
actuators for safety and control rods; 2) coolant outlet;
3) coolant inlet; 4) shielding-tube unit; 5) shaft; 6) ac-
tive zone.

the edge of the reactor; with the fuel cassettes and absorbers having the same size in the VVER-365 and
VVER-440 as in the VVER-210, the result is a system of 73 control mechanisms placed uniformly through
the active zone at nodes of a triangular lattice with a spacing of 294 mm. The system of such absorbers
completely immersed in the active zone is efficient enough to maintain a cold unpoisoned reactor in the
subcritical state, without the use of additional absorption means.

The uniformity of these regulators and the absence of special fuelless rods as emergency apparatus
permit complete use of the entire active zone, an increase in the heat-exchange surface, an increase in the
charging of the reactor with fuel, and an improvement in the neutron balance in the active zone.

This led to the design of control mechanisms of standardized capabilities, which achieve emergency
shut-down of the reactor through independent downward motion of an absorber along with fuel at a high
velocity when a voltage is supplied from an electrical lead. However, the increase in the multiplying prop-
erties of the active zone and the high efficiency of each control mechanism increase the danger that there
will be an increase in excessive reactivity when a single absorber is introduced. For this reason, the con-
trol-mechanism actuators have a provision for the introduction of emergency shielding from any vertieally |
intermediate absorber position in the active zone.

The distortion which these absorbers cause in the heat-evolution field is essentially removed when a
solution containing boron is used in the coolant for the first circuit; in this manner, nearly all the absorbers
can be removed from the active zone during power operation. ‘

In the second unit -of the NVAPP, boron is used in the primary coolant to compensate for the burn-up
reactivity reserve, so that experience can be gained in operation with chemical control of the reactivity.
The positive results obtained have resulted in the widespread use of this reactivity -control method in re-
cent versions of the VVER-440, and the number of absorber traps has been reduced to 37 through a uniform
distribution of these traps at a spacing of 441 mm in the active zone. A cold unpoisoned reactor in this case
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TABLE 1. Basic Characteristics of the Water-Cooled, Water-Moderated Reactors

Characteristic VVER-210 VVER~365 VVER-440 VVER-1000

Power, MW: i . :

electrical. . . . .. i i 3x70 5X173 2x220 2%500 .

thermal. . .. ... ... .. i 760 1320 1375 : 3000
Overall efficiency, e e e e e 27,6 27,6 32 - - 33
Vapor pressure before turbine, abs, atm . . .. ... 29 29 44 60
Pressure in circuit I,abs.atm . .. .......... 100 105 125 160
Number of circuits. . . .. ............... 6 8 6 - 4 .
Water flow rate through reactor, mfh. .. ... 36 500 - 49500 39 000 76-000
Watef temperature at inlet 10 reactor,’C .. . .. 250 250 269 289
Average heating in reactor,’C. . ... ....... 19 25 31 35

Active zone ’
Equivalent diameter,m. . .. ... ...vov.... 2,88 2,88 2,88 3,12
Helght,Mm, . oo i eivi it vin i e 2,50 2,50 . 2,50 . 3,50
: Number of fuel cassettes . . . .. ........... 343 349 . 349 151

Diameter of rod fuel element,mm ......... 10,2 9,1 8,1 9,1
Number of rods per cassette , . . . .......... - 90 126 126 33
Spacing of fuel-element grid, mm. ......... 14,3 12,2 12,2 12,6
Uranium charge,m ., , .0 v vt o nnusns .. 38 40 42 66 -
Average steady- State degree of fuel bum-up, ’

MW day/(kU) . ..ot i e 13 27 28,6 26-40
Average operating time between fuel recharging,

eff . e e 5200 6500 7000 7000
Average e rxchment of make~up fuel in steady ‘

state,at.’/e . . ... .. e e e 2,0 3,0 3,5 3,3-4,4
Average spemﬁc electrical power of active zone,) 46 30 43 1{

kw/liter . ..o :
Average line load, W/em .. ..., ......... 97 125 131 176
Initial reactivity reserve at 90° C%......... 11,5 13,8 18 22,5
Number of control mechanisms. ., ., . ........ 37 73 37 109
Overall efficiency of the control mechanisms at

20°C, %, e 14 20,6 10 6,2

is brought into the subcritic¢al state by means of a boron solution in the water of the tigSt circuit. Two
considerations were involved in the construction of the mechanical control mechanisms in the VVER-1000.

First, the need to fit the 3000-MW (thermal) active zone into a vessel transportable by railroad
forces a more efficient use of the vessel height. The result was that movement of fuel assemblies could
be avoided, and a transition could be made from a "three-story" zone (in which the lower "story" is used
to position the fuel assemblies moved out of the active zone) to a "two-story" zone. This permitted an
increase in both the height and diameter of the active zone.

On the other hand, the increase in the coolant velocity which accompanied the increase in the reactor
power under these conditions complicates the use of control mechanisms with movable fuel because of the
ejection tendency of the water flow.

As a result, control mechanisms without displacement devices in the form of sheafs of absorber

- rods are used; these mechanisms are placed in essentially each heat-evolving assembly and are introduced
into special guide tubes.

A boron-containing solution is used in the coolant to compensate for the slowlv changing effects of the
reactivity; it is also used to bring a _shut-down reactor into the subcritical state.

Bagic Structural Features of the Reactor Equipment

and Evolution of these Features

' In addition to factory manufacture and railroad transportation, the following solutions were adopted
in the construction of the reactors and are common to the reactors of all three generations.

1. High-strength, low-impurity steel is used for the reactor vessel; this results in minimum size and
weight and thus makes the railroad transportation possible.

2. The reactor vessel is made from seamless-forged shells, without 1ong1tud1na1 welding seams, so
that operating reliability of the reactor is increased.

3. The lower part of the vessel, where the active zore is placed, is an integral cylindrical shell with
an elliptical bottom, without any kind of aperture; the inlet and outlet fittings for the primary coolant pipes
and for other purposes lie no less than 1 m above the upper part of the active zone. This results in in-
creased strength, because there are no additional stress concentrations, and the active zone is reliable con-
tained in emergency situations due to supercondensation in the first circuit.
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TABLE 2. Basic Characterist_ics of the Steam Generators

. N . . Plant with Plant with

Characteristic NVAPP unit I |NVAPP unit II VVER-440 VVER-1000
Thermal power, kcal/h, . . ..o nivn o 109- 108 154. 108 190- 108 645-1
Steam production rate, metric tons/h. . ... ... 230 325 452 1464
Vapor pressure at outlet,abs.atm, .......... 32 33 47 64
Temperature of supply water,”C........... 189 195 226 220
Temperature at coolant inlet,C . ......... 273 280 301 322
Temperature at coolant outlet,”C. ........ . 252 252 268 289
Coolant velocity, m/sec. . . ..o vv v v v v 2,94 3,36 2,7 4,89
Temperature drop, *C. o . o v v v v v v v v v e v nn 24,7 25,5 20,2 24,1
Average heat flux, keal/m” h ... ... ..., 91.403 95,5.108 80-10% 158.1
Numberof pipes , . ..o v v v v e i 2074 3664 5146 15648
Pipe diameter and wall thickness.mm . ... ... 2x1,5 16>1,4 1631,4 12%1,5
Vapor moisture (average calculated), P ... 0,00‘1 0,0038 0,005 0,_2
Weight of dry steam generator, metric tons- . 104,2 112 145 265
Metal expenditure, metric tons of metal per -

metrictonof steam .. .. ... .. ... L 0,45 0,344 0,32 0,18

4. The devices within the vessel are removable for easier repair and replacement and for easier
monitoring of the interior surface of the vessel.

5. The control and safety apparatus and that for monitoring the reactor operation (the water tem-
perature at the outlet from the active zone and the energy evolution) is placed in the upper part of the reac-
tor for convenient servicing, repair, replacement, etc.

6. The vessel support is placed in the central part of the reactor, near the plane of the axes of the
primary circulation pipes, for minimum thermal deformation (or displacement) when the reactor equipment
is converted from the cold to the hot state. The vessel support is an annular shoulder which is in integral
part of the vessel wall.

7. The bottom of the vessel is elliptical for easier manufacture from a single seamless-forged piece;
the result is more reliable operation because there are no longitudinal welding seams.

8. Throttle cylinders with perforated walls are mounted ahead of the outlet fittings where the coolant
leaves the reactor, for optimum distribution of the coolant flow and thus suppression of structural vibra-
tions under the removable cover. i :

9. The apparatus within the vessel is placed in a cylindrical shaft fixed at the top and restrained from
radial or circular motion at the bottom. This shaft separates the inward and outward coolant flows in the
reactor.

10. The fuel cassettes are placed in a removable basket with a thick-walled supporting grid which
fixes and correctly positions the lower parts of the fuel cassettes. At the top, the cassettes are clamped
by devices with supporting grids in which there are remote-control devices for correct positioning of the
tops of the fuel cassettes.

11. The coolant temperature at the outlet from the cassettes of the active zone is measured by means
of replaceable temperature pickups placed in "dry" channels on the reactor cover.

In addition, the reactors in each generation have distinctive features resulting from the operating
conditions, the parameters of the apparattjs, and from the experience gained,in design and operation. We
will give two examples of these features. The first-generation reactors VVER-210 and VVER-365 are
designed for a first-circuit working pressure of 100 and 105 kg/ em?, respectively, so a flat vessel cover
500 mm thick with self-sealing wedge-shaped closing devices can be used. A wedge-shaped nickel or copper
spacer 3350 mm in diameter is used. The wedge-shaped closing devices require the use of a band of the

vessel flange.

Experience has shown that these closing devices provide a hermetic seal and are convenient to as-
semble and disassemble.

Spherical covers are used in the VVER-440 and VVER-1000 reactors since at first-circuit pressures
of 125 and 160 kg/ em?, flat covers must be made quite thick and are thus difficult to use.

The use of spherical covers led to the design of seals by means of spacers, which do not cause any
additional stress and which do not require a band at the neck of the vessel.
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U enrichment, %

) 2 1,5
No. of working cassettes 96 93 51
No. of control cassettes 12 27" 15
Total number of cassettes 108 120 66

Fig. 3. Map of the first fuel charging of the active zone of the VVER-365 reac-
tor of the NVAPP (symmetry sector). A) Control cassette (the Roman numerals
indicate the group of control cassettes); B,C,D,E) U®5 enrichment of the cas-
settes of 3,2,1.5, and 1%, respectively.

Mechanisms with a kinematic pair consisting of a screw and a ball nut are used to displace the control
rods in the VVER-210 and VVER-365 reactors. The rods and mechanisms are cooled by first-circuit wa-
ter, itself cooled and purified in special water-purification devices. ‘

A kinematic pair consisting of a rack and pinion is used inrthe VVER-440 reactor, and the rods and
mechanisms are cooled by intermediate-circuit water in a special system not connected to the first circuit.
This arrangement makes the operation of the water-purification system used to maintain certain water
parameters in the first circuit independent of the operation of the control and safety mechanisms,

The VVER-1000 reactor, which ‘has lightweight control devices, does not reduire powerful rods and
mechanisms, as do the first- and second-generation reactors. Lightweight rods can thus be used.. The
design of the VVER-1000 incorporates electromagnetic step-type and plunger drives with air cooling.

The Ste‘am AGene rators

All the atomic power plants with water-cooled, water-moderated reactors in the USSR use single-
vessel horizontal steam generators with submerged heat-exchange surfaces and built-in separation devices.

The following conditions were governing in the choice of steam generator: 1) tfanéportability yie.,
the possibility of transporting the completely assembled steam generator by railroad to the atomic power
plant; 2) the possibility of complete assembly and testing at the factory; 3) minimum amount of assembly;
4) reliable heat-engineering and separation characteristics with a minimum hydraulic resistance; 5) re--
liability of the structural units and of the steam generator as a whole; 6) reliable operation, convenient
servicing, and possibility of repair; 7) most satisfactory installation in the plant building; 8) minimum con-
struction cost. ‘
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Fig. 4. Comparison of calculated and experimental values (0) of the cassette
power of the VVER-365 reactor of the NVAPP under operating conditions.
Control groups of cassettes are Nos. 24 and 42, at a height of 125 ¢m.
There is 0.36 g boron/ kg water in the coolant. The reactor power is

800 MW (thermal). The cells of the symmetry sector are numbered in ac-
cordance with Fig. 3. The rms measurement error is +10%.

These conditions are satisfied best by a horizontal steam generator with pipe boards in the form of
circular collectors. This type of steam generator has been constantly improved in the USSR as a result
of experience gained with the first and second units of the NVAPP. Table 2 shows the characteristics of
the steam generators used for the VVER- -210, VVER-365, VVER-440, and VVER-1000.

Six steam generators each having a steam production rate of 230 metric tons/h have been operating
in the first unit of the NVAPP since 1964. The second unit of the NVAPP has eight steam generators each
having a steam production rate of 325 metric tons/h, of the same size and construction as the steam gener-
ators used in the first unit.

A plant with a VVER-440 reactor has six steam generators each having a production rate of 450 metrlc

tons/h and a design analogous to that of the generators used in the first and second units of the NVAPP, but
differing in the method used to service the interior cavities of thepipe collectors, where the sealed ends

of the heat-exchange pipes are placed. Hatches are provided in the collectors below the steam generator
for inspection or repair in the first and second units of the NVAPP, while the structural part of the plant
has special underground enclosures for the equipment for remote control of it. In the steam generators

of the VVER-440, the hatches on the collectors are on top, and servicing can be carried out directly from
the central room of the reactor building; this considerably simplifies both the construction and operation
of the steam generator with regard to sealing, unsealing, inspection, and repair.

Various types of construction and technological schemes were considered in the demgn of the steam
generators for the VVER-1000 reactor, and the efficiencies of these modifications were compared. A
horizontal steam generator was adopted for use in the VVER-1000 on the basis of the experience accumu-
lated in the design and operation of saturated-vapor steam generators in the USSR. Structurally it is simi-
lar to the preceding generators, differing from them by a significant increase in the inside diameter of the
vessel (4000 mm instead of 3200 mm for the VVER- -440), a decrease in the diameter of the heat-exchange
pipes (to 12 mm), and more efficient separation devices. In the steam generators of all the reactors the

heat-exchange pipes are sealed into the pipe collectors by roll-in over the entire collector thickness, through

the use of the energy of explosives; there is a seam at the collector end of the pipes.
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Primary Circulation Pumps

The cooling circuits of the YVER-210, VVER-365, and VVER-440 reactors use hermetic gasketless
pumps having a pumping rate of 5600-6500 m3/h. The use of gasketless pumps with a low inertial mass
places stiffer requirements on the system ensuring reliable power supply to the pump motors under emer-
gency conditions due to current cutoff. For this reason, the ¥ VER-1000 design incorporates primary sealed-
shaft circulation p'ungp_s having a large inertial mass. This simplifies the system for ensuring reliable
power supply to the pump motors, since quite a long time is available for switching the pump from one
power supply to another during current interruptions or for safe shut-down or power reduction of the reac-
tor. The primary circulation pumps of the VVER-1000 have a pumping rate of 19,000 m®/h. The use of
more powerful pumps permits the number of circulation circuits servicing the reactor to be reduced to
four.

Primary Circulation Pipes

The production of seamless-forged pipes with an inside diameter of 500 mm and a wall thickness
of 25-35 mm of Kh18N10T stainless austenite steel was optimized during the design and construction of
the first group of atomic power plants having water-cooled, water-moderated reactors. Accordingly, es-
sentxally the same dimensions and materials were mcorporated in the design of the VVER- -210, VVER-365,
and VVER-440 for the primary circulation pipes. Pipes having an inside diameter of 850 mm, stamp-
welded from carbon steel 55-75 mm thick and clad inside with a stainless steel layer ~5 mm thick, will
be used in the VVER-1000, in which the basic circulation-circuit apparatus has been considerably enlarged.

Shut-off valves are placed in the primary circulation circuits; there is one in both the "cold" and
"hot" branches of each circuit.

A distinctive feature of the valves is a closing device with two disjoining "plates," which provide a
seal in two independent planes. After the valve is closed, water is injected into the region between the
plates at a pressure greater than that in the reactor; the result is a reliable seal of the plates on both the
reactor and steam-generator sides. The valve providing a seal in this manner is essentially equivalent
to two ordinary valves.

An electric drive is used for all the valves. Experience has shown that shut-off valves result in more
convenient plant operation. '

Volume Compensators’

All the plants with water-cooled, water-moderated reactors, except for the VV]*fR—ZlO, employ a
vapor system for compensating for the coolant volume. The VVER-210 in the first unit of the NVAPP has
a gas compensation system in which the volume compensators are four separate vessels having a total
volume of 68 m®. The vapor compensators_in the second unit of the NVAPP, on the other hand, consist of
four separate vessels having an inside diameter of 1500 mm and a total volume of 43 m?, because of en-
gineering considerations. The vapor volume compensator in the VVER—&A_Q is a single eylindrical vessel
having an inside diameter of 2400 mm and a volume of 38 m?®.

A vapor volume compensator also in the form of a single vertical cylindrical vessel, with an inside
diameter of 3000 mm and a volume of 77 m?, is planned for the VVER-1000,

The volume compensators are made primarily from carbon steel -alloyed steel for the VVER-1000
and ordinary boiler plate for the others. Both the gas and vapor compensation systems have operated suc-
cessfully in the first and second units of the NVAPP.

Recharging System

A recharging process involving the transport of burnt-up fuel by a recharging machine under a pro-
tective layer of water was successfully incorporated in the VVER-210.

Mechanical devices were initially used for emergency shut-down of the reactor during recharging in
the event of excessive charging. During the third recharging in 1967 these devices were replaced; boric
acid was added to the water in a concentration which would prevent criticality in the event of possible re-
charging errors. After the boric acid system proved successful in the VVER-210 reactor, it was incorporated
in all designs.
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Reconstruction of the VVER-210 Reactor

The first unit of the NVAPP, with a VVER-210 reactor, was in constant operation for more than 5 yr,
producing about 7 -10° kWh of electrical power in December, 1969 [1, 2]. In order to examine the reactor
after this 5-yr operation and in order to carry ouf planned mouaifications in the active zone, it was decided
to carry out a complete examination of the VVER-210 reactor, with extraction of the fuel and apparatus
within the vessel. The shut-down was planned to occur after the second unit of the plant was put into opera-
tion, but it actually came somewhat earlier, in early December, 1969. The shut-down came early because
of abnormal indications of the instrument measuring the pressure drop in the reactor; this was evidence
that a pipe for pressure take-off had failed. This pipe was structurally integral with the heat shield of the
reactor vessel and could have been destroyed only as a result of a displacement of the shield.

After complete removal of the fuel and the reactor shaft, it was discovered that failure of the heat-
shield support had allowed the shield to drop, and its bottom was resting in the elliptical bottom of the ves-
sel. Some parts of the apparatus holding the screen on the vessel were torn off. The shield itself was
essentially undamaged, except for a few cracks at the top where brackets for mounting on the vessel were
welded. It was difficult to reliably remount the heat shield on the vessel because of the high radioactivity .
A refined calculation of the operating capability of the vessel over its planned working life with increased
wall irradiation showed that the VVER-210 reactor could be used without the shield. The shield was ac-.
cordingly cut up and removed.

Analysis of the destruction of the heat-shield mount showed that the cause was an inadequate account
of the hydrodynamic and vibrational load in the design of the mount.

A new shaft and shaft bottom were put in place in accordance with the modification plan for the ap-
paratus inside the vessel. The purpose of these plans was to make the active zones of the VVER-210 and
VVER-365 reactors the same.

The shaft, shield, and mounting elements were removed by remote control under water with visual
monitoring by means of underwater lamps and television cameras.

The weld seams were monitored and slight damage was corrected by means of a shielded container
lowered into the internal cavity of the reactor. Equipment necessary for this work was designed and built.

In the course of the reconstruction, an additional study was made of the hydrodynamics of the water
flow in the reactor and the vibration resistance of the apparatus inside the reactor. The study resulted in
an improvement of this apparatus and the mount of the reactors in subsequent versions, which are accor-
dingly more reliable.

For this work to be carried out, the first unit of the NVAPP was shut down for slightly more than
1.5 yr.

Useful experience was gained in the reconstruction of the VVI:fR-ZlO and incorporated in corrections
to the design of water-cooled, water-moderated reactors, whose long-term operation is thus more reliable.
It was also demonstrated that repair can be made in a quite complicated radiation situation. ‘

Some Results of a Study of the Active Zone

of the VVER-365 (Second Unit of the NVAPP)

The first active zone having a high specific electrical power, the active -zone prototype for VVER-440
reactors, was put into operation’in the second unit of the. NVAPP. For this reason, a study of this active
zone and its operating characteristics seem clearly of interest not only because of the operating charac-
teristics themselves, but also for comparison of the predicted and actual characteristics.

Many critical experiments were carried out during the start-up tests of the second unit of the NVAPP.
Studies were made of the critical positions of the control mechanisms, the efficiency of the boric acid, the
energy-evolution distribution in the active zone, the effects of the reactor reactivity, the reactivity coef-
ficients, etc.

The first fuel charging of the reactor had the following composition: '

235 .
No. of cassettes U  enrichment, %

59 1,0
66 1,5
120 2,0 !
108 3,0
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Figure 3 shows the cassette arrangement in the active zone and the distribution of control devices
among groups. In the 3.0%-enrichment cassettes, there were 120 fuel elements and six rods with expended
absorbers acting as an additional means for compensating the initial reactivity reserve. Provision was
made for raising any group of control devices without turning the cold reactor critical in the absence of
boron in the coolant; accordingly, all the experiments and operations in which chemical control of the re-
activity was used were carried out under conditions simplifying the nuclear-safety requirements.

Experimental data [5] on the change in the critical positions of the control mechanisms during the
first reactor run, carried out without boron in the coolant, agree within £0.002 with the calculated data
for kefr over the entire temperature range. The calculations were carried out by a program analogous
to that described in [6]. .

The efficiency of eight control groups (VI-XII) measured at 100°C is Ak/k = (11.60 + 0.30) -1072, in
good agreement with the calculated value of 11.38 -1072, '

The temperature coefficient of the reactivity is essentially independent of the temperature, in agree-
ment with the conclusion reached from the calculations. The reason for this is that under the experimental
conditions, a decrease in the temperature in the reactor was accompanied by an increase in the number of
control absorbers in the active zone, i.e., by an increase in the neutron leakage. In the working range of
water temperatures, the temperature coefficient of the reactivity for boron-free water was 4.3 - 1074 deg™.
A power coefficient of the reactivity in good agreement with the calculated value of 1.5 107 (%)~! was
found from the temperature coefficient in experiments checking the reactor self-control.

Considerable attention was paid to the effect of the boron in the first-circuit water on the charac-
teristics of the active zone. The efficiency of the natural boron in water at 100°C [(18.5 + 0.5) - 1072 g/ kg)
found in critical experiments was exactly equal to the calculated value. The effect of boron on the tem-
perature coefficient of the reactivity was found in experiments on reactor self-control. With a boron con-
centration of 0.5 g/kg in the water, e.g., the temperature coefficient of the reactivity decreased to 1.75
107" deg™, but this caused essentially no decrease in the stability of the reactor with respect to pertur-
bations in the steam load.

The distribution of power among the active-zone cassettes was studied in measurements of the water |
heating in the cassettes. As Fig. 4 shows, the measured results for most of the cassettes agree with the i
calculated values within the experimental error. !

The experimental information offers further support for the suitability of the basic physical charac-
teristics planned for the active zones of the VVER-440 reactors.
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High-output uranium —graphite channel type reactors with thousands of process channels ("technolog-
ical channels") have been in service in the USSR for many years. Power reactors of this type (Siberian
nuclear power station [1]) have been in service since 1958 with operating temperatures in the neighborhood
of 200°C and loop pressures up to 50 atm. The reactor of the World's First nuclear power station was
started up in 1954 [2]. Two nuclear steam superheat reactors have been in operation at the I. V. Kurchatov
nuclear power station at Belyi Yar (one since 1964, the other since 1967) at parameters as high as 520°C
and 90 atm [3]. Vast experience has been accumulated to date in the operation of those systems.

The high degree of viability of these reactors, attributable to the possibilities of effecting monitoring
and control channel by channel, is not a matter of record. These options have made it possible to detect
malfunctioning in individual process channels well in time, so that these channels can be shut off and re -
moved from service before malfunction and damage can spread on an extensive and dangerous scalethrough-
out the entire system. Methods have been worked out and perfected for shutting off and repairing discrete
components and subsystems, including the graphite stacking, to the point of replacing all of the graphite
stacking in a major overhaul [4]. Such a comparatively vulnerable subsystem as the portion of the process
channels located within the reactor core can be replaced during scheduled preventive maintenance opera-
tions, and even with the reactor still on power. Despite possible malfunctions in individual channels, then,
the reactors have been operated successfully, on the whole, for decades of total operating time.

The development of large-scale high-output nuclear power cannot rest solely on experience in de-
sign, but must also be backed up by a large number of experimental design projects and related practical
work. Even the performance of individual large-scale prototypes cannot constitute reliable evidence of the
feasibility of developing this type of reactor for large-scale power production. Only generalization of many
years of experience accumulated by industry can provide the reliable foundation needed. Consequently,
the choice fell on the uranium —graphite channel type reactor as the vehicle for large-scale high-output
nuclear power development, with due attention given not only to the experience accumulated but also to the ;
progress contemplated in nuclear technology. It is of course of prime necessity that there be convincing
arguments in support of the view that the trend being developed will at least not lag behind or turn out to
be inferior to other reactor types in terms of costs, reliability, procurability of nuclear fuel, and so forth.

We may now enumeérate the advantages of channel type reactors@igh reliability and viability of
the entire system thanks to channel-by-channel monitoring capability, and the possibility of maintenance
and repair of an individual process channel without unscheduled reactor shutdowns;@ the possibility, in
principle, of achieving reliable safety by subdividing the coolant circulating loop, with options of an auto-
nomous process channel included;@virtually unlimited possibilities, in practice, of raising the power

USSR State Committee on the Peaceful Uses of Atomic Energy. Translated from Atomnaya }::,nergiya,
Vol. 31, No. 4, pp. 333-343, October, 1971.
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N. Y. 10011. All rights reserved. This article cannot be reproduced for any purpose whatsoever without
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output on the basis of modular design components;@ the possibility of building a steam generating unit
without recourse to large-size pressure vessels, thereby expanding the production capabilities at the same
time; 5) available option of organizing refueling operations with the reactor still on power @ perspectives
of nuclear steam superheat; @ flexibility of the fuel cycle, with the fuel cycle readily adaptable to fluctua-
tions in the fuel market; e.g., the rate of consumption of natural uranium could be curtailed to a fraction,
for example, by utilizing fuel of higher density or by using a mixed fuel charge (uramum + thorium), or
heavy-water moderator.

The outstanding disadvantage of the channel type reactor is the multiple branching and comparative
,comglexny of the circulation loop. -
Some design improvements capable of greatly s1mp11fy1ng and contracting the circulation loop (see

below), and contributing to making the steam generator unit and channel type reactor into as compact a
package as the steam generator unit plus vessel type reactor, have been forthcoming.

The development of the traditional type of uranium —graphite reactors opens up new perspectives for
nuclear power development ;-while the experience accumulated in this area provides a reliable foundation.
This reactor type may also be used for other purposes, for instance in the production of energy and desali-
nation of sea water [5].

The evolution of high-power uranium —graphite reactors is indissolubly linked with progress in nu-
clear engineering and in reactor materials technology. The various pathways of development open can be
traced out against the example of the channel type uranium —graphite reactors, breaking them up into two
groups to facilitate the analysis. The first group, centered about the achievement of high thermal efficiency,
may be. said to include the reactor installed in the World's First nuclear power station (1954). the reactors
at the I. V. Kurchatov Belyi Yar nuclear power station (1963), the reactor with supercritical coolant param-
eters now in the design stages. The second group, centered about improvements in the fuel cycle, would
then include the reactors at the Siberian nuclear power station (1958) and the RBM-K-1000 type reactors
now being built. In the case of the reactors at the Belyi Yar nuclear power station, it was found possible
to proceed to cooling of the tubular fuel elements using boiling water and superheated steam, even though
steel-jacketed fuel elements. were employed in those applications.

Relying on the current achievements of nuclear technology in the area of refractory zirconium alloys
for pressure tubing and jackets of rod-type fuel elements with uranium oxide.cores in water-cooled
water-moderated pressure-vessel reactors [6], a decision was made to incorporate such design compo-
nents in uranium —graphite reactors with the object of improving the fuel cycle over that characterized
by the use of steel and tubular fuel elements (Belyi Yar power station), and improving the thermal efficiency
over that characterized by the use of aluminum alloys (Siberian power station). The proposal to adopt that
type of coolant was based on the successful operating experience accumulated in the management of boiling-
water reactors with single-loop arrangements (Belyi Yar nuclear power station, VK-50 reactor).

It was in this setting that the RBM-K (boiling-water reactor of high power rating), a single-loop
uranium —graphyite reactor, appeared on the scene, using zirconium alloys as the basic structural material
of the reactor core. The designs ‘and materials selected in the construction of the f.rst reactor units were
closer to those verified in earlier practice, even though the possibility of considerable progress in nuclear
reactor technology had-been apparent from the very outset.

Construction of the first power unit of the single-loop nuclear power station (LA_I:J'S), 70 km west of
Leningrad and the largest such unit in the USSR and in Europe altogether, with a rating of 2 GW (el.) and
two channel type uranium —graphite (RBM-K-1000) reactors cooled by boiling water (Fig. 1), is now nearing
completion. This power station is the pacesetter of a new line of nuclear power stations of its type now
under construction, constituting the future base for production of 2 major portion of electric power to be
fed into the national grid in the European sector of the Soviet Union.

LAES Power Station Layout and Basic Parameters

The main kernel of the nuclear power station consists of two power units rated at 1 GW (el.), sharing
a common machinery room and separate reactor bays, systems for conveying fuel, control panels, and a
common room for gas cleanup and purification of the primary-loop water. Each power unit incorporates a
RBM-K-1000 reactor with a circulation loop and auxiliary systems, steam lines and condensate ~feedwater
lines, and two K-500-65 turbogenerators rated at 0.5 GW (el.) each. : :
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Fig. 1. General view and panoramic view of the construction work on the
LAES nuclear power station near Leningrad.

The circulation loop consists of two parallel subloops, each subloop including two separator drums,
four circulation pumps with a set of valves and piping of medium diameter (Dy = 300) and large diameter
(Dy = 800, 1000), and 22 distributor groups of headers (Dy = 300) supplying the reactor channels. There is
a common system for ion exchange resin cleanup of the loop water, with flowrates amounting to 4% of the
reactor steam rating.

Saturated steam under 70 atm pressure leaves the sepérators through eight steam lines (400 mm
diameter) to reach the two K-500-65 turbines. The condensate is returned via the steam trap and five low-
pressure reheaters as recycle to the deaerator, and on to the feedwater pumps via valves controlling the

- fill level in the separators. : :

The turbogenerators are connected as blocks to an open-air electri¢ power substation rated at 330
kV. The power for the local needs of the LAES power station comes from the generators. Standby power
is provided by switching in supplies from 110 and 330 kV power lines through standby transformers, and in
the event of a total power blackout power can be obtained from a separator generator in a hydroelectric f
power station and from diesel generators which switch on automatically in three minutes' time. Power
consuming units which cannot tolerate any interruption in their powetr supplies are connected to a bank of
storage batteries. Excess steam appearing when the shutoff valve of one or both turbines is closed is vented
through pressure relief units to the turbine condensers, and if the vacuum there has been disrupted the
excess steam is routed to the steam receiver unit (bubblers and process condenser) which also collects
discharge from the safety valves, so that steam is not vented to the atmosphere. '

The power ratihg of a single LAES powér unit is 3.2 GW (th.) and 1 GW (el.) plus a bleed of 70 Geal
/h heat for local space heating. The saturated steam pressure upstream of the turbine is 65 atm when the}
feedwater temperature is 165°C. The steam rate is 5800 tons/h. The operating conditions are: base load
with possible shift to control mode; water treatment neutral with no correctives. The basic structural
materials are: circulation loop austenitic steel and zirconium; steam lines and condensate lines carbon
steel; condenser turbing MNZh alloy; tubing of preheaters stainless steel; metallic structures and enclosure
of reactor carbon steel. The fuel is yranium dioxide enriched to 1.8% (stationary conditions), the average §
burnup 18,500 MW-day/ton. The weight of the stationary fuel charge is 180 tons uranium; the first charge
is 180 tons uranium 1.1% enriched or 155 tons uranium 1.8% enriched. o
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Fig. 2. Section through reactor and multiple 'circulation loop: 1) core; 2).water suppiy
tines; 3) steam —water mixture bleed lines; 4) steam separator; 5) pump; 6) refueling
machine.

The characteristics of the basic process equipment (in the power unit) are: separation gravitational
in horizontal stainless steel clad separator'drum;drum diameter 2.3 m, drum length ~30 m, drum weight
200 tons, four drum separators in all; eight pumps, centrifugal electrically powered pumps with sealed
pump shaft outlet and flywheel, throughout 7000 m®/h at head of 200 m H,0 and 1000 rpm, weight including
5,500 kW electric motor ~100 tons; two saturated steam turbines type K-500-65, single-shaft, double -flow
(one high-pressure cycle and four low-pressure cycles), turbine length 39 m, shaft speed 3000 rpm, weight
1200 tons; steam separator and steam reheater both located between high-pressure cycles and low-pressure
cycle; two 500 MW (el.) generators, three-phase, 50 cycles/ sec with hydrogen cooling and water cooling.

Four channel systems are used in the RBM-K system, with the possibility of setting up a refueling
system operable with the reactor on power. This makes it possible to raise the load factor of the nuclear
power station and lower unproductivity losses in the absorbers of the protection and control (rod) system,
and also to minimize vapor discharges through the possibility of detecting severe failures or leaks in fuel

assemblies and replacing these faulty assemblies promptly. The weight of the refueling machine, shielding
included, is ~465 tons. '

Reactor Design

The reactor is located in a concrete pit 21.6 X 21.6 X25.5 m. The weight of the reactor is transmitted
to the concrete via welded metallic structures which simultaneously perform the function of shielding and
form, together with the enclosure envelope, a cavity filled with a helium —nitrogen mixture constituting the
reactor space within which the graphite stacking is accommodated (Fig. 2). The graphite stacking consists
of graphite blocks with cylindrical holes assembled in columns. The columns are jéined by cooled beams
radiating outward in holesin the peripheral columns.
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sembly suspension support; 12) removable
shielding plug.

The fuel channels (about 1700 of them) are located
in tubular passages which are welded to the top and bottom
metal grids of the reactor (Fig. 3). The top and bottom
parts of the channels are made of gtainless steel, while
the central tube sized 88 X 4 mm is made of Zr + 2.5%

Nb alloy exhibiting quite satisfactory mechanical and cor-
rosion-resistant properties. The zirconium part of the
channel is joined to the steel parts by means of special
welded steel —zirconium adapters (Fig. 4) which are sub-
jected to tests to determine their expected length of ser-
vice life. The channel accommodates one fuel cluster with
two assemblies. Each fuel assembly comprises a set of
18 fuel elements, with the fuel meat section extending 3.5
m in length. The fuel element consists of a tube 13.5

X 0.9mm indiameter, made of zirconium alloy with uranium
dioxide pellets. The water flowrate through the channels
is adjusted twice during the reactor campaign to match
changes in the fuel channel power output, by adjusting con-
trol valves installed on the process piping. The crucial
problem is how to extract heat from the graphite stacking.
An arrangement in which the stacking is cooled by heat
transfer to pressurized tubes (Fig. 5) was decided upon
with the object of simplifying the reactor design.

The protection and control system is designed to
control reactor power drops at a rate of 4%/ sec, and acts
to keep power performance constant in the event of ac-
cidents or malfunctions not requiring shutdown of the re-
actor. When necessary, the reactor can be shut down
completely at a power loss rate of 8%/sec. The protec-
tion and control system makes use of highly reliable semi-
conductor and noncontacting components. Standby equip-
ment is built into the system.

The power release monitoring system that monitors
the amount of power liberated with respect to reactor height
and reactor radius used neutron-sensing components in-
stalled in the parts of the fuel channels and channels with
measuring and sensing components for the protection and
control system.

The soundness of the fuel elements is monitored,
and leaks detected, by measuring the activity of the steam-
—water mixture in the piping at the entrance to the separa-
tors, with the aid of paired scintillation type y-ray spec-
trometric sensors mounted on moving platforms and period-
ically monitoring the piping. The water flowrate through
the channels is also monitored by flowmeters installed

at the inlet to each fuel channel and at the inlet to the pro-

tection and control channel. The soundness of the chan-

nel fubes is monitored by checking the changes in_the property of the gas flowing outside the chan-

nel.

ittty

The vapor mixture is circulated through a closed loop. The vapor mixture is purified of water vapor
and products of graphite oxidation in the loop, and the prespecified composition of the mixture is also moni-

tored and maintained at its proper levels.
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Some of the reactor system components were developed, in the course of designing the reactor, in
approaches similar to those used in the design of components which have made a good name for themselves
over an extended period of operating history with reactors of this type.
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Fig. 4. Joining of zirconium alloy tube to stainless steel tube: 1) tube of 0Kh18N10T
steel; 2) union of bimetal sandwich; 3) nipple adapter, Zr + 2.5% Nb alloy; 4) tube of
Zr + 2.5% Nb alloy. : :

Fig. 5. Placement of process channel in graphite stacking: Zr + 2.5% Nb alloy tube;
2,3) outer and inner graphite annuli, respectively; 4) graphite stack.

A program of experimental and investigative work and reactor tests, including heat-transfer and
service-life tests, were carried out on the fuel channels and models of fuel assemblies on special test
stands, and subloop reactor tests were carried out on a full-sized fuel assembly, in order to confirm the
performance qualities of the redesigned components and subsystems. '

Monitoring, Control, and Adjustment of Power Station

One of the major problems in the building of the LAES power station was how to avoid shutdowns of
the power station except in extreme situations where that recourse is absolutely unavoidable, and, still
more to the point, eliminating any chance of reactor shutdown in response to spurious emergency signals.

The refueling system and the systemfor monitoring leaks, operable with the reactor on power, are
designed directly or indirectly to facilitate that purpose, as is the elimination of the branched system of
impulse pressurized water tubes for large-scale channel -by-channel monitoring, minimization of shielding
on the process equipment where easily triggered protection devices would cause reactor power unit shut-
down, so that the protection and control equipment will be activated only when a signal is present from not
less than two (or three) channels carrying measurements of reactor system parameters.

System scramming which would immediately bring the reactor to subcriticality even when an emer-
gency signal is not present is designed for only rare eventualities. Instead, it was decided to rely upon
specialized shielding measures (specialized in terms of specific groups of possible accidents and malfunc-
tions) allowing for a controlled drop in power at a sufficiently fast rate and to a levcl which would guarantee
extraction of the heat in accidents and malfunctions belonging to that specific group. If the signal triggering
the protective action disappears, then the power drop is discontinued and normal functioning is resumed.

The radiation environment is sensed by the same radiation sources as are used in pressure vessel
type boiling -water reactors (instruments sensing O!% in the steam lines, F'® and corrosion products in the
condensate stream, O'® and RBG at the discharge end of the condensate ejector, etc.). The activity of vapor
discharges from the condensate ejector is expected tobe moderate (~3000 Ci/day) even in the event of a
large number of failed fuel elements, thanks to the system for process monitoring and refueling with reac-
tor on power, and the systems incorporating combustion of explosive mixtures and sorptive retention of
RBG on activated charcoal.

Only those fuel assemblies containing fuel elements with marked symptoms of leakage will be re-
moved and replaced ahead of schedule. Even where a slight leakage is detected, there will be no need to
shut down the reactor, and it will suffice simply to extract the fuel assemblies from the faulty fuel channel
and use the refueling machine to set a specially designed plug in that channel.

i
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Fig. 6. Variants in arrangement of components (large pumps and headers eliminated):
a) natural-flow separation; b) forced-flow separation (LAES power plant variant in-
dicated by dot-dash lines); 1) core; 2) water supply lines; 3) steam —water mixture ex-
traction lines; 4) steam separator; 5) pump.

Fig. 7. Section of mbdular variant of RBM-K type reactor.

Control of power station performance is designed for base load and a followup mode by maintaining -
the pressure upstream of the turbine ata set point through action of the controller on a throttle valve (in
operation at base load) or on the reactor power controller (in the followup mode). Operational up-to-the -
minute monitoring and control of the power facilities is handled by computer and data-processing machinery.

Nuclear Safety

Some features guaranteeing radiation safety are built into the reactor system design:

1) high-reliability protection and control system including about 180 independently acting absorbers
combined with groups with autonomous sensors, cables, comparison equipment, equipment for amplifying.
signals, and power supplies; ‘ '

2) equipment for emergency heat removal (flywheels on the prineipal loop pumps, standby power
sources for local needs, routing of feedwater to a discharge header,etc.), eliminating any large-scale damage
to the cladding of the fuel elements due to any or all of the indicated causes of accidents or malfunctions,
inciuding total power blackout, outage of two turbines simultaneously, leaks in piping of 300-400 mm diam-
eter, etc. Even complete rupture of piping of that size outside the grounds of the LAES power station proper
can be handled safely through these measures; ‘
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3) equipment for making periodic checks on the state and functioning of all the subsystems and sys-
tems responsible for maintaining radiation safety, including periodic checkouts of the state of large vessels

and headers, thereby practically eliminating any instantaneous total rupture of the equipment or total break-
down;

4) plenum chambers and surge tanks for steam, to eliminate large -scale venting of steam to the
atmosphere in emergencies.

It is also important to note that there will be no dangerous positive reactivity surge in response to
any kind of damage, accident, or failure affecting the circulation loop.

Generalization of the operating experience acquired with conventional pressure-vessel machinery
and uranium —graphite channel type reactors already in operation in the USSR shows that a sudden instan-

‘ taneous failure or burst of large -diameter piping and of drums designed to specifications and fabricated in
conformity with accepted technology of high-pressure unfired vessels is extremely unlikely at the moderate
pressures and temperatures involved, and given the intensity and quality of the inspection and monitoring
processes.

Leaks in the primary loop have been observed. But these leaks developed at a comparatively slow
rate and in no instance led to an instantaneous rupture of large-diameter piping, even though breaks in
smaller piping 1-2 cm in diameter often result from corrosion and vibration effects. To cope with this,
measures were taken to institute emergency cooling of the core and to eliminate any damage to fuel ele-
ments or release of fission products into the power station rooms or into the surroundings. With the present
siting of nuclear reactor power generating stations near large cities and the corresponding public-health
isolation zone around the plants, the reactors are for practical purposes completely safe with regard to the
populations of the nearby localities, as is clearly evident when examining the case of the Belyi Yar nuclear
power station which has been in operation and generating power since 1964 [7].

Improvements in Circulation Loop and Enhanced

Nuclear Safety

Future plans for building a large number of reactors that necessarily have to be situated closer to
large population centers, and where the public-health isolation zone around the nuclear plant will have
to be contracted, the problem of further improvements in the level of nuclear safety typifying nuclear power
generating stations comes up on the agenda.

Analysis of the consequences of failures of 300 mm diameter pipe has demonstrated that a large vol-
ume of water and steam is discharged when the water volume of the loop is combined, and that it is difficult
to localize this discharge without severe additional losses. But it is precisely the channel reactor design
which opens up the possibility, in principle, of finding a successful solution to this safety problem. Here
there is no need to combine the water volume of the entire reactor as is the case in pressure-vessel type
reactors. On the contrary, the analysis shows that the small number of high-power pumps can be reduced
by a large number of low-rating pumps, that large headers and branches in the loop can be eliminated by
relying instead on a large number of separate sectionswhich are sufficiently autonomous in their operation.
The resulting complication of the control system is not that great, but a failure in the loop is in any case
localized within the confines of one section of the loop. The existence of communications between different
sections of the loop in pairs does not hinder such localization of damage and failure, so that these steam
links in the loop can be retained without worry.

Axial-flow turboseparators with a high steam load per unit volume, and jet pumps with a comparatively
low throughput, are widely used in the pressure-vessel type boiling-water reactors.

Fragmentation of the circulation loop brings up the possibility of complete malfunctioning of the val-
ves, headers, and large -diameter pipes, while the use of turboseparators also makes it possible to situate
the latter in vessels of moderate diameter. The comparatively small amount of water present in each
section of the loop, possibly one-tenth or even one-hundredth the amount present in conventional loops, or

less, facilitates accommodation and localization of steam and water in the event of any disruption of the
loop. o

In addition to the points made above, the fragmentation of the loop and the use of small-size separa-
tors also makes it possible to locate these machines closer to the reactor, thereby reducing the length of
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Reactor super-

Parameters RBM-K~1000 | RBM~K~-2000 | RBM-KP=2000] critical para-
meters (8]
Power output, MW:
electrical. . .. ... ... oL Lo o 1000 2000 2000 1000
thermal. .. ..., ... ... .. ... ... 3200 6280 5620 2280
Steam parameters upstream of turbine: . .
PIESSUTE, ALl . . o v vt v v e me en e e e )gg )gg lgg fég
t t C o e 4 2 o 935
NuTmIeT of Fodl chamnéls | 111101 1693 404 1 404 1022
Uranium loading, tons, . . ... ..o .vuuvn ... 180 . 320 29 52
Average fuel buthup, MW - day/ton ......... 18 500 28 000 24000 40 000
Fuel........... .. ... .. v, Dioxide Dioxide Dioxide Carbide
Peak channel output, kW . ... ............ 3000 6580 Evap Ch 6350 | Steam Superh
Steam Superh | 2200
4500 .
Peak heat flux, 10° kcal/m®-h............ 0,7 0,9 0,9 2,5
Fuel irradiation level, MW/ton. .. ......... 17,8 19,6 19,2 44
Fuel-element cladding material . . ......... Zirconium Zirconium Zil‘COHililm Steel
- stee

the outgoing steam piping runs by a factor of three or four. This also results in improved interchannel

stability in circulation, since stability varies in inverse proportion to the steam volume, and since it is the
vapor tension of the steam void that is responsible for the development of pulsations in flowrate. This
design solution based on fragmentation of the loop with the use of turboseparators and closer siting of these
turboseparators to the reactor is a way of contracting the volume of the loop, contracting the water volume
of the loop, and cutting down on the amount of metal required in that part of the plant by a factor of two or

three.

Of course, the large pumps have to be replaced by a large number of smaller pumps of suitable type.
Feedwater pumps in such variants as steam-jet heat pumps and hydraulically driven pumps are convenient
only when the multiplicity of recirculation is small, and electrically driven pumps with constant shift rpm
lead to annoyingly rapid drops in steam content when the power falls off, so that a large reserve supply
of water is required under the separator level, which in turn means that there would be no futher gain in

switching to small-size high-intensity separators such as turbo-steam separators.

The use of steam-

driven turbopumps incorporated into the loop in the form of a vertical single-shaft unit, with the pump im-
peller located below floor level and the turbine drive located above floor level, favors more compactness
and improved safety in the operation of the circulation loop. Those pumps have no shaft outlet, are much
more compact and much lighter than electrically driven pumps, and exhibit the important properties of
proportionality of rpm and pump throughput to the flowrate of steam from the reactor. That is what allows
us to get by without positioning: the pump in a very deep shaft, while curtailing the water reserve in the
separator several times, and also allows us to resort to emergency cooldown automatically, through the
agency of ponderous flywheel masses (Fig. 6).

A basically new system for extracting heat from the fuel channels has been worked out more recently,
one which opens up the possibility of further radical simplifications inthecirculation loop. As the weight
flowrate of the two-phase coolant decreases, the critical steam content and the critical burnout loads in-

crease.

A "multitiered" arrangement of organization of heat removal in fuel channels, with the fuel chan-

nels dismembered along their height into several "tiers" communicating with the water feed lines and steam
extraction lines located within the pressurized tubes in a parallel arrangement, has been proposed. The
weight flowrate of coolant in each such "tier" would be reduced by as many times as the number of "tiers"
the fuel channel is broken up into, provided there is no change in the total flow area presented by the cross
section of the assembly of fuel elements.

The rise in steam content (at the operating point) to 30%; and even to 50%, cuts down the number of
cycles of circulation through the loop that is required by a factor of two to three, and the hydraulic resis-
tance presented by the fuel channels decreases to roughly 5-6 atm. Since the power used up in circulating
the coolant is proportional to the product of the circulation multiplicity factor by the hydraulic resistance,
the power drops so low that the use of jet pumps with head supplied by the feedwater pumps becomes an
effective procedure. The principal radioactive circulation loop of the reactor is thereby freed from any
need of mechanical pumps, which means simpler operation and cheaper operating costs.
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Moreover, the amount of water in the reactor core is also cut back considerably, and is largely re-
placed by steam. The depth of fuel burnup increases and the physical stability of the plant is improved,
since the operating point becomes displaced toward the region of higher steam void content. The amount
of metal used in the design of the circulation loop, and the volume of room space taken up by the circula-
tion loop, are both cut back considerably.

Uranium — Graphite Reactors being Developed

The materialization of some concepts on imprevements inRBM-K-1000type reactors found reflection
in the designs of the RBM-K-2000 reactors and the RBM-KP-2000 steam superheat reactors rated at 2 GW
(el.). In contrast to the RBM-K-1000 type, these reactor types were designed with scaled-up channels.
The evaporation channels in these reactor types are designed almost identically, while the fuel elements
are identical with those in the RBM-K-1000. The design of the reactor cores differs for the most part only
in the presence of the steam superheat channels in the RBM-KP-2000 reactor design. That also accounts
for the difference in the process flowsheets. The principal characteristics of the RBM-K-2000 reactor
type are listed here in Table 1. The nuclear power plant flowsheet is basically similar to the flowsheet
worked out for the RBM-K-1000 reactor power plant.

Within the confines of the reactor core, the evaporation channel is a stepped affair, made of zirconium
tubes, with the large-diameter tube located above the center of the core. The expansion of the diameter
of the zirconium tube in the zone of intense steam generation allows for placement of intensifiers, improve -
ments in the conditions governing cooling of the top of the fuel assemblies, increasing reserve margins up
to critical burnout levels, and also greatly reducing the hydraulic resistance presented by the channel as a
whole. ‘

The nuclear steam superheat channel features two-way flow of coolant. The saturated steam flowing
downward through the outer annular clearance cools the channel tube, so that it can be fabricated of zir-
conium alloy. Steam superheat is achieved in the inner telescoping portion of the channel, where the fuel
assemblies are positioned. The fuel assembly comprises a tube of stainless steel sized 10 X 0.3 mm, filled
with uranium dioxide pellets.

The channelsareaccommodated ina square grid with a pitch of 320 mm. The total number of channels
is 1404, of which 1050 are evaporation channels (Evap Ch in Table 1) and 354 are steam superheat channels
Steam Superh in Table 1). Forced-flow cooling of the stacking by circulating nitrogen is planned with in-
creased pitch between the channels and increased specifi¢c power output in-the RBM-KP -2000 generation
of reactors. The blowers and heat exchangers of the gas cooling stream are built directly into the reactor
enclosure.

Coolant circulation through the evaporation channel and steam superheat channels is handled by the
turbopumps installed in the drum-separators. The protection and control system of the RBM-KP-2000
reactor, in contrast to that of the RBI_VFK—IOOO, uses control rods situated outside the grid of fuel channels.
The absorbing part of the rod is made in the form of slugs of boron carbide in a graphite matrix.

The rods move on special paths under the action of push rods inserted below the reactor. Cooling
is by gas circulating through the cooling system of the reactor stacking.

Efforts to maximize the efficiency of the nuclear power station led to the completed design of a re-
actor adapted to supercritical coolant parameters. Some of the design characteristics of the 1000 MW (el.)
uranium —graphite reactor producing steam of supercritical parameters are included in Table 1.

, In evaluating the cost indices of the nuclear power stations based on channel type reactors, we can
see clearly that these power stations are not inferior in cost performance to nuclear power stations based
on reactors of other types, such as gas-cooled graphite-moderated reactors, or water-cooled water-moder-
ated reactors. :

\ Large-scale nuclear power development brings to the fore the problem of organizing industrial meth-
ods of fabrication and assembly of the reactor. Efforts to increase reactor unit power output pose the prob-
lem of working out a reactor design such that reactors of increasingly higher output ratings can be built
with minimum changes and without radical restructuring of the production facilities and plant, i.e., on the
basis of unitized and standardized modules and structural designs. The possibilities inherent in channel
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type uranium —graphite reactors make it possible to find solutions to this problem. The first step taken in
that direction is the design plan for a sectionalized modular uranium —graphite channel type reactor.

The reactor is assembled from standard sections: central and edge sections joined according to a
prespecified plan at the rigging and erection site. The core forms a rectangle in plan view. The length
of the rectangle is determined by the number of central reactor sections (Fig. 7). A reactor of practically
any power rating can be built from those sections simply by increasing the number of central sections. The
sections function as separate component units of the reactor system, and incorporate the necessary equip-
ment plus control and monitoring hardware, and consist of individual transportable modules. The width
of the section is determined by the diameter of the separator. ‘

Some Possibilities Inherent in the Fuel Cycle

One of the principal features and advantages of channel type reactors is the broad range of application
of the different fuel cycles. The possibility of refueling with the reactor on power, channel -by -channel
process monitoring, and the comparatively low multiplication factor, combine to open up new pathways for
flexible control of the fuel cycle.

Depending on the future conjuncture regarding procurement and mining of natural uranium, e.g., in
case the price of natural uranium rises, conversion to utilization of fuel elements with denser (in uranium)
meat cores combined with comparatively low burnup is an option still open. This makes it possible to lower
needs for procuring natural uranium by increasing the U?® burnup ratio, and also by using uranium of about i
1% enrichment, which may be economically feasible. Plutonium breeding is another possibility, and may ‘
gain in importance as the power output of fast reactors increases. Without necessitating a change in de- o
sign, it would also be possible to effect a transition to thorium composition with U®3 or U5, The fuel cycle
can be improved by lowering the operating pressure (which would make it possible to thin out the walls
of the channel tubes and the cladding of the fuel elements) and by cutting down on the amount of water pres-
ent in the process channels by increasing the steam volume.

Finally, if even greater savings in natural uranium resources are necessary, it would be possible to
replace all or much of the graphite moderator by heavy-water moderator, while retaining the basic de-
sign and process flowsheet features of the reactor. :

Curtailment of the volume of water and structural materials in the core by lowering the pressure
and by improving the technology of refractory zirconium alloys will contribute to building up reserves, over
a long period, for gradual improvements in the fuel cycle and corresponding cutback of the fuel component
in electric power generation costs, it should also be pointed out.

The channel type reactors now being developed are thus seen to be flexible and adaptable to possible
changes, even difficult-to-predict changes, in the outlook for natural uranium procurement, and plutonium
breeding demands. This means that we can consider the present developmental outlook of channel type
reactors to hold good for a protracted period of time ahead.

The data cited above, and the possibilities of improving the reactor design and fuel cycle, allow us
to express confidence that nuclear power generating stations of the Leningrad type now being built will be,
to begin with, economically competitive with power stations burning fossil fuels anywhere on the territory
of the European part of the USSR (not to speak of the appreciable by-product of advantages to the national
economy in keeping the atmosphere free from pollution by combustion products, and the considerable sav-
ings, in cost and in available means of transportation, in minimizing long-haul shipments of fuel), and
secondly these reactors are at the very least not inferior to other basic types of power reactors (and some-
times even surpass the latter in performance).
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DESIGN AND OPERATING EXPERIENCE WITH FAST
REACTORS IN THE USSR . ‘

A. I. Leipunskii, O. D. Kazachkovskii,
F. M. Mitenkov, V. V.VOrlov,
V. A. Stekol'nikov, and V. I. Shiryaev

The considerable experience accumulated in the USSR in more than 20 years of work on sodium -~
cooled fast reactors has allowed us to proceed to the construction of the first atomic power plants with the
BN-350 and BN-600 reactors. The design and construction of these reactors required the creation of a
broad experimental base for the physical, heat-engineering, technological, material properties, and other
studies, and for tests of reactor equipment. The experiments were directed particularly toward the BR-5
and BOR experimental fast reactors. : ,

We give a status report on the operation and construction of fast industrial reactors in our country
with particular attention to experimental tests of equipment for fast-reactor power plants under construc-
tion. As a result of the start-up and operation of the BN-350 and then the BN-600 we shall accumulate in-
dustrial experience with reactors of these two types in the next few years. This experience will permit
us to proceed, even in this decade, to a more extensive construction of fast-reactor power plants as the
result of the industrial assimilation of BN-600 equipment. We hope these plants will generate electrical
power at an economic advantage.

The future prospects of fast reactors in our country are bound up with high-power reactors — 1000
MW or more. The structural development of such reactors, based on principles established with the first
reactors, confirms the possibility of constructing fast reactors of such power. The accumulation of design
and operating experience points the way to an appreciable improvement of the technical and economic char-
acteristics and the reliability of fast reactors. However, the practical realization of high-power reactors
with these improvements, planned for the second half of this decade, must follow the construction and mas -
tery of the first fast-reactor industrial power plants and the accumulation of operating experience with
them .

In this paper we do not discuss fuel problems; these are considered in other papers of the present
conference. '

BR-5 Reactor

January 1971 marked the twelfth anniversary of the start-up of the BR-5 reactor. The principal
operating characteristics of the reactor during the years 1959-1970 are listed below:

Total time of operation of reactor at power......................... 55,000 h
Including time at nominal level. .. ... ... . .. 23,000 h
Actual number of days inoperation ............ ..., 1,426 h
Including those with:

PuOyfuel elements ........ ... it 468
UCfuelelements........ ot i et i i iaennnn 958
Time of circulation of sodium in primary eircuit.................... 70,000 h
Including time at 450-510°C. .. ... ittt ittt 28,000 h
Primary circuit filtration system operating time.................... 30,000 h

. State Committee on the Use of Atomic Energy in the USSR. Translated from Atomnaya ﬁnergiya,
Vol. 31, No. 4, pp. 344-352, October, 1971. '

© 1972 Consultants Bureau, a division of Plenum Publishing Corporation, 227 West 17th Street, New York,
N. Y. 10011. Al rights reserved. This article cannot be reproduced for any purpose whatsoever without
permission of the publisher. A copy of this article is available from the publisher for $15.00.

1098 : ;

Declassified in Part - Sanitized Copy Approved for Release 2013/02/26 : CIA-RDP10-02196R000300090002-1




]

Declassified in Part - Sanitized Copy Approved for Release 2013/02/26 : CIA-RDP10-02196R000300090002-1

Number of pump repairs

inprimary circuit...... .. o i i i e 30
in secondary circuit .......... ... ... . oo L, 37
Number of replacements of cold traps
inprimary circuit........ ... . o i o e ., 9
in secondary circuit .......... ... i e, 2
Number of complete core refuelings . _ 4
Number of planned additional core loadings 35
Maximum integrated neutron flux )
wall of loop channel . .................ocvvurn... ~¢.. 7-10% neutrons/ cm?
central reactor tUBE . . oo vttt e . 4102 neutrons/cm?
’ uranium monocarbide fuel elements ..............., .. 4-10% neutrons/ cm?
’ plutonium dioxide fuel elements...................... 3 -10%2 peutrons/ cm?
i Maximum fuel burnup :
| in uranium monocarbide fuel elements................ 5.9%
|

in plutonium dioxide fuel elements ................... 6.7%

From 1959 to 1964 the reactor operated with plutonium oxide fuel, and in 1965 the reactor core was
loaded with uranium monocarbide fuel elements. Burnup in most of the plutonium dioxide fuel elements
reached 5-6.7%, and in uranium monocarbide up to 4-5.9%. It was established that the 0Kh18N10T steel
cladding on most of the monocarbide fuel elements was ruptured in a burnup of 4.0-4.6%, whereas all the
monocabide elements clad with Kh16N15M3B steel remained in working order for burnups up to 5.5-5.9%.
The plutonium dioxide fuel element failures resulted from fuel swelling and the loss of plasticity of the
steel cladding. The failures of the monocarbide fuel element cladding were due to the deterioration of
heat transfer from elements deformed in a nonuniform temperature distribution, and to the inferior long-
term strength characteristics of 0Kh18N10T steel in comparison with Kh16N15M3B.

From 1967 to 1969 eight experimental absorbing elements (EAE) containing boron compounds (B;lC,
CrBy, EuBg, ete.) and Ta, including unsealed elements, were irradiated in the reactor core. The elements

received a neutron dose of 3 -10%! neutrons/cm?. An examination of the EAE in the hot laboratory showed ‘
them to be in good operating condition. ‘
|

For a considerable time the reactor operated with some leaking fuel elements which allowed fission ‘
products to enter the coolant and gas spaces of the primary circuit. Under these conditions particular at- \
tention was paid to monitoring the fission product content of the primary circuit and the integrity of the
cladding of the fuel elements unloaded from the reactor. Systems were constructed and methods developed
for monitoring the delayed neutron and fission product activity in the core coolant.

Radioactive fission products were removed from the sodium of the primary circuit periodically by a
cold oxide trap which collected iodine and cesium well. A system for purging the argon in the primary
circuit of gaseous radioactive fission products by using a carbon adsorber was also constructed and tested.
After several hours of purging, the level of activity is lowered to the equilibrium value, when the removal
of xenon isotopes is compensated by their influx from the sodium. In the BR~5 reactor, where 70 = 5% of the
xenon is in the sodium [1], the xenon activity in the argon is lowered by a factor of 10 during the first stage
of purging; subsequently the sodium is purged of xenon. The high radioactivity of the sodium vapor traps
in the gas scrubbing system should be noted. It was established that the Cs!37 content in sodium condensed
from vapor is 20 times higher than in the primary circuit coolant.

metallic contaminants. . Seven sodium samples removed from the eircuit during the last two years showed
a high carbon content [(0.45-1.7) '10—2%]. A possible source of entrance of carbon into the circuit is the

bearing lubricant of the circulating pumps. The nitrogen content in the sodium is (1 -3) -107%% and the hydro-
gen content is (0.4-2) -1073%. ' ‘

|
|
From 1969 the primary circuit coolant was monitored regularly for the content of nonmetallic and ‘
\
\

The operation of the BR-5 on a monocarbide core was concluded in May of 1971. During 1971-1972 it
is planned to make a series of changes in the BR-5 to increase its power to 10 MW. In addition to doubling
the reactor power it is proposed toinserta third reactor loading of plutonium oxide fuel with an attainable
burnup of 10% and a power density up to 780 kW/liter. The BR-5 will be forced by increasing the heating
of the coolant in the reactor while maintaining the average sodium temperature at the core outlet at 500°C,
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which will speed up the experiments on the irradiation of fuel and materials in the reactor by a factor of
three of four.

BOR Reactor

The fast research reactor BOR was started up at Melekess in the USSR at the end of 1969 at a power
of 60 MW [2]. The start-up of this reactor significantly extends our capabilities for experimental physics
and engineering research on sodium-cooled fast reactors. Having high maximum parameters (power density
up to 1100 kW/ liter, sodium coolant temperature up to 600°C) the BOR reactor permits large-scale ex-
periments on different fuel materials and compositions to a high burnup, investigations of absorbing ele-
ments (SUZ) of various materials and constructions, and studies of structural materials irradiated by large
integrated neutron fluxes. The BOR reactor also permits experimental tests and development of systems
and equipment being designed for fast power reactors.

The BOR reactor was built in a short period; design was begun in 1963 and the reactor was put into
operation in 1969. During that time considerable experience was accumulated on design, construction of
equipment, assembly, and start-up of the reactor [3]. All the main reactor units (sealing of the rotating
plugs, reactor vessel connections, pressure chamber, drives and SUZ mechanisms, fuel assemblies etc.),
the basic equipment (pump, steam generator, intermediate heat exchangers,accessories, etc.), instruments
(level meters, monometers, thermocouples) were tested on models and prototypes. Before the reactor was
put together an assembly check was made on the reactor vessel, the rotating plugs, the header, the fuel
assembly mock-ups, the SUZ drives, etc. Careful attention was paid to the assembly process and high tech-
nological and cleanliness standards were maintained to ensure a high-quality assembly of the reactor and
main circuits.

After assembly the sodium loops were not flushed with water. The main circuits were dried and
degassed by evacuating and simultaneously heating the equipment and piping to 200-250°C. During the drying
process the sodium circuits were periodically filled with pure argon. The ultimate vacuum attained in the

primary cireuit was 2-10~! mm Hg with an inleakage of 0.8 -10™' mm Hg per hour. |

A procedure different from that used on the BR-5 was developed at the BOR to prepare sodium for
the coolant circuits without distilling it. Each transport container of sodium (volume 1 m?®) was heated to
200-250°C for 3 h to remove the paraffin by vacuum distillation. After this the sodium was transferred
from the transport container under argon pressure through a mechanical mesh filter into a 6 m® intermediate
tank where it remained for some time, and then into a 35 m? receiving tank. The final purification of the
sodium was performed by circulating it through a cold trap. The main impurities in the original sodium
are: carbon 4.5 -107%, hydrogen 6 -10~%%, nitrogen 1.5 -1073%, calcium 6 -10~3%, and potassium 2 -1072%.
The oxide content of the sodium corresponded to a plugging temperature of 120°C.

After the primary circuit was filled with sodium it was heated to 250°C. During the heating the strains
in the reactor vessel, the equipment, and the piping were checked with strain gauges. The strains did not
exceed admissible values. Because of the care given to maintaining clearliness during assembly the oxide
content of the sodium rose only to tplug = 180°C when the primary circuit was filled. Other contaminants
were present in practically their original proportions. Contaminants were not detected on the mesh filters
placed in the piping, or in the fuel assembly. mock-ups. After filling the primary circuit with sodium, load-
ing the core, and replacing the accessories, the total amount of sodium oxides transferred into the trap
was only 2 kg.

The physical and power start-ups of the BOR reactor took place at the end of 1969 simultaneously
with the removal of heat by an air heat exchanger. During 1970 extensive research was performed on the
physical, thermal, and hydraulic characteristics of the equipment. Measurements of the physical charac-
teristics of the reactor showed that all basic physical parameters had been predicted accurately enough
[4]. This applies to such quantities as the critical mass, the effectiveness of controls, and the effect of
temperature on reactivity. The experimental coefficients of nonuniformity of heat release and the decrease
in reactivity with burnup turned out to be somewhat smaller than the calculated values. On the whole the
good predictions of physical characteristics of the BOR reactor were due to greater experience in making
calculations and to the studies of a model of the reactor onthe BFS test rig [5, 6]. The experimental program
on the BFS rig confirmed the method and constants for the physical design and permitted refinements in the
predicted parameters, particularly in the effectiveness of controls. ‘
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Fig. 1. BN-350 reactor test rig. Large and small ro-
tating plugs.

In the BOR reactor, as in BR-5, in the first stage of operation at reduced sodium temperatures and
negligible powers, up to 2-3 liters of argon accumulated on the core surface. This manifested itself in a
change in reactivity from the increased pressure in the gas space and in an increase in coolant flow rate.
It was observed later that this effect disappears after the reactor has been operated at high power but shows
up again to a negligible degree after long shutdowns. An increase in coolant flow rate from 0 to 800 m?

/h leads to a positive reactivity of ~0.2%. An analysis of the radioactive contaminants in the primary cir-
cuit indicates the integrity of the fuel element cladding. When the reactor operates at 40 MW the sodium
activity is determined by Na? (38 Ci/kg), and the after-shutdown activity is due to Na?? (4.7 - 10~5 Ci/kg);
the other activated isotopes are mainly contaminants and their total activity is less than 3 -107% Ci/ kg.

In the gas space the activity of Ar* is 31073 Ci/liter, and Ne® is 1 Ci/liter; radioactive isotopes of xenon
and krypton (~107% Ci/liter) result from surface contamination of the fuel elements.

Studies of the thermal hydraulic characteristics of the reactor also showed good agreement between
experimental and design parameters. Measurements of sodium flow rates through core and radial blanket

assemblies were made with special apparatus. Differences in sodium flow rates through assemblies in the
same orificing zone did not exceed 5%.

The fraction of the sodium cooling the blanket assemblies, the USZ, and the reactor vessel was larger
than normal initially and was decreased somewhat by special control elements. The temperature of the
sodium leaving the core and blanket assemblies was measured with 38 thermocouples placed over the as-

semblies. An appreciable fraction of the thermocouples showed a temperature drop, apparently as a result
of cross flow of cold sodium over the ends of the assemblies.

In a test of the circulation of sodium through the primary circuit, a vibration of the check valves was
observed when the pumps were not started or stopped simultaneously. Study of the loop vibrations showed
that the frequency was related to the angular speed of the pump; the amplitude of the vibrations was small,
but there were resonance frequencies. Measurements permitted the selection of .operating ranges of pump

speeds for minimum vibration. The basic technological reactor equipment —pumps, heat exchangers, oxide
traps, etc. — operated well.
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Fig. 2. BN-350 reactor.test rig. . Core mock~- up w1th re-
fueling mechamsm

Late in 1970 a once through 0011 type steam generator w1th s1ngle -wall separat1on of sodium. and
water was started up. Steam from the steam generator at a pressure of 85 atm and a temperature of 430°C
was fed to the turbine which was connected to the power system. At the present time the BOR reactor is
operating at 40 MW with a mean sodium temperature of 500°C at the apparatus outlet.

BN-350 Reactor

" In the town of Shevchenko assembly tasks are bheing completed and preparations are being made for
the start-up of an atomic power plant with the BN-350 reactor. In the early part of 1971 the reactor ves-

and the elements of the fuel loadmg and unloading system ete.

_ Complex expemmental and theoretical studies were made to conflrm the design. We present below
the results of experimental studies of individual subassemblies and complex mechanisms which supple-
ment results published earlier [7-9]. - -

In order to produce reliable components of the refueling devices tests were made of various ma-
terials to determine their mechanical properties under operating conditions.

Special attention was paid to the selection and test of materials to be used at point of slidingor
stationary contact. The behavior of materials was studied over a wide range of contact loadings and for
long times. Various combinations of materials were investigated, in particular 0Kh18N10T and Kh18N9
steels withand without cladding of contact surfaces, operating in sodium at temperatures up to 550°C. As
a result of these tests structural changes were made in certain units of the mechanisms operating in the
high temperature regions, or the operating conditions were changed.

"Hot " tests of the refueling mechanism and the elevator were performedon test rigs with circulating
sodium. The basic parameters of the rigs were: sodium temperature 500°C with mechanisms turned off,

and 300°C with mechanisms operating; oxygen content of sodium up to 50 - 10' wt. % ; volume of liquid metal

in each rig 1 m®. The "hot" tests included the study of artificially created "accidents": failure of the con-

trol system complete loss of power, increase in the oxygen content of the sodium, etc. During the tests the
refueling mechanism performed more than 5000 operations of removing and inserting fuel assembly mock=
ups, and the elevator completed about 3000 round trips. Tests of the pilot models of the refueling mechan-
ism and the elevator proved.the capabilities of these mechanisms under normal operatmg conditions and

A test rig (Figs. 1, 2) was constructed to test the combined operation of the refueling mechanism and
its controls, the system guiding the refueling mechanism onto the head of a fuel assembly, and the locking
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device. The test rig included the following: metal structures simulating the vessel and the reactor transfer
box, the rotating plugs, the central column with the SUZ tubes, the elevators, the refueling and fuel element
transfer mechanisms, mock-ups of the fuel assemblies and the pressure header, electrical equipment and
guiding systems. In tests of the complex refueling mechanisms a number of refuelings with fuel assembly
mock-ups were carried out by using the regular mechanisms and control systems. The system was tested
under normal conditions and in the following situations simulating accidents: 1) inserting and removing
mock-ups of fuel assemblies bowed up to 10 mm and rotated by 60, 120, and 180° 2) interchange of assem-
blies with the axis of the refueling mechanism displaced 10 mm from the axis of the assembly head; 3)

test of the possibility of release and withdrawal of the refueling mechanism from a stuck assembly raised

500 mm above the core. The experiments proved the capabilities of the mechanisms under the conditions
indicated.

In order to guarantee a good fit of the vessel when put together at the construction site, a complex
test assembly of the vessel was made on a special rig at the manufacturer's works; the whole vessel was -
held together by special fixtures and temporary welds of the circumferential seams. The assembly con-
firmed the accuracy of manufacture of the units and showed the vessel to be leak-tight. The units of the
vessel were delivered to the assembly site and the final assembly of the vessel was completed between
August and October of 1968. After the vessel was assembled, welded, and carefully inspected it was sub-
jected to hydraulic and vacuum tests. Strain gauges enabled the state of stress of the vessel to be studied
during testing.

To confirm the accuracy of manufacture of the neutron shield support and pressure header and also
their fit with the core, a test assembly of these elements was made at the manufacturer's works and the
necessary tests performed. The assembly used the regular pressure header, parts of the neutron shield
support, and the control rod guide tubes, but mock-ups of the fuel assemblies. The mock-ups matched the
actual assemblies exactly in external dimensions, weight, and construction of the shaft and head. In the
test assembly each fuel assembly mock-up was set in a socket of the pressure header under its own weight.

Most of the experimental reactor physics studies of the BN-350 were made on the BFS rig. Several
critical assemblies differing in the positions of the controls were used. Some of the assemblies had a
homogeneous core without controls. The basic experimental data obtained with these assemblies are given
! in [10-12]. A more careful analysis of the experiments and the revision of the constants for the principal
' isotopes U233 and U?* showed that the critical parameters of the reactor were corrected with the previously pub-
lisheddata. Asaresulta new critical size of the BN-350 was determined. Thenew nuclear data led to a better
agreement between the calculated and measured effectiveness of boron rods than had been achieved earlier
by using the 1964 26-group constants. The experiments showed that the heat release distribution over the
reactor core had been calculated accurately enough.

Experimental studies of the Doppler effect were performed on the BR-1 reactor by the method of acti-
vation of heated and cold foils in a uranium oxide prism. The experiments showed that the temperature
dependence of the U%® capture cross section had been taken into account accurately enough in calculating
the Doppler effect. However, the Doppler coefficient of reactivity in a reactor, taking account of all uncer-
tainties, can hardly be calculated to an accuracy of more than 20-30%. Measuremen:s of the central re-
activity coefficients, the spectral characteristics, and the prompt neutron lifetimes in various modifications
of the BN-350 assembly indicate that predictions of the details of the neutron spectrum and the neutron
importance cannot be made accurately enough, and show the necessity of improving both the constants and
the calculational methods.

BN-600 Reactor

The structural and design tasks on the BN-600 have been completed. At the present time the con-
struction of the buildings is well along, and the manufacture of equipment at the factories has begun. Fol-
lowing the usual procedure experimental studies to substantiate and confirm the characteristics of the equip-
ment are being made.

The BN-600 reactor is the next stage after the BN-350 on the way to producing high-power and eco-
nomically efficient atomic power plants with fast reactors. Technical and economic analyses show that to
produce a fast-reactor power plant with a high economic index it is necessary to force the steam param-
eters in comparison with the BN-350 parameters. From these same considerations it is expedient to in-
crease the power per reactor and the degree of fuel burnup. Operating requirements of the station in the
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Fig. 3. Longitudinal section through BN-600 reactor. 1) Ro-
tating plugs; 2) upper stationary shield; 3) heat exchanger; 4)
central column with SUZ mechanism; 5) refueling mechanism;
‘6) supporting frame; 7) vessel; 8) pump; 9) electric motor.

power system require increasing the time between refuelings. These factors form the basis for the de-
velopment of the BN-600.

The choice of temperature and hydraulic characteristics of the liquid-metal circuits and the thermo-
dynamic parameters of the steam —water cycle of the BN-600 reactor was based on the following consider-
ations. The use of supercritical parameters presents great difficulties in developing steam generators;
the capital expenditures for the high-temperature steam-power part are increased. Therefore parameters :
which ensure an efficiency of 42-43% for the steam turbine cycle with a fuel element cladding temperature
of 680-700°C turned out to be more acceptable. Analyses showed that such compromise parameters are:
sodium temperature at reactor outlet 550°C, mean temperature rise of sodium in reactor 170°C, steam
parameters at admission to the turbine 500°C and 130 abs. atm.

It should be noted that the use of the well-developed K-200-130 series of turbines ensures an ef-
ficiency of up to 43% for a turbine plant with the indicated steam parameters.
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The data accumulated so far permit a core design with the temperatures indicated above and fuel

elements containing a mixture of uranium dioxide and plutonium dioxide in stainless steel cans with a 10%
burnup of the heavy atoms. However, the problem of the swelling of steel at such a burnup has not yet
been adequately studied. Sealed fuel elements are used in the BN-600. In order to lower the gas pressure
a gas space 0.7 m long is provided in the lower part of an element for a fueled length of 0.75 m. A number
of factors were taken into account in choosing the core size, shape, and composition. Studies showed that
in practice it is very difficult to increase the volume fraction of the fuel to 45-47% and higher. In this
respect the composition of the BN-600 core is not very different from that of the BN-350. The BN-600
core is ratherhighly compressed (D/H = 2.7). Such a core configuration makes it possible to increase

‘ the coolant flow rate through the reactor with a moderate hydraulic resistance and to decrease the heating.

The difference between the maximum cladding temperature and the temperature at the reactor outlet is

decreased.

1t is important to be able to ‘ope.reite a power reactor for a long time between refuelings, and it is
desirable to have refueling operations coincide with planned shutdowns of the atomic power plant. An ef-
fective system of reactivity compensation enables the BN-600 reactor to operate for four to five months
at full power between refuelings. The use of a large number of absorbing rods led to a search for their
optimum arrangement, since the heat release distribution is very sensitive to an asymmetry of the rod
arrangement. The BN-600 reactor uses a dispersed system of rods which minimizes the variations in heat
release between the outer position of the compensators and also permits the use of natural boron and tan-
talum as absorbing materials.

The BN-600 reactor was designed to operate in a tank. This construction was chosen mainly for the
following two reasons: 1) the compact arrangement of the primary circuit equipment and all the radioactive
coolant in one tank eliminates the necessity for separate rooms and simplifies the problems of maintain-
ing a leak-tight primary circuit; 2) in order to make a sound choice of the optimum structural design for
high-power reactors it is necessary to accumulate operating experience with both loop (BN-350) and tank
(BN -600) type reactors.

In the course of designing the BN-600 reactor several alternate arrangements of the primary circuit
components were developed; everything in one tank; core and heat exchangers in the tank with the pumps
outside the tank and connected to it by special piping; pumps and heat exchangers in a separate vessel, etc.
Figure 3 shows the version adopted for the reactor. A detailed description of it is given in [13]. Peculiari-
ties of the arrangement of the equipment in the tank raise a number of special problems: 1) the transfer
of loads and the mounting of the reactor tank, core, heat exchangers, pumps, rotating plugs, and other in-
ternal reactor elements; 2) vibrations of equipment and structural elements; 3) compensation of thermal
expansions of interconnected components inside the tank; 4) operation of reactor tank to ensure elimination
of thermal shocks and nonuniform temperature distributions around the perimeter and over the height; 5)
hydrodynamies problems in the tank: uniform distribution of coolant flow through the heat exchangers;
elimination of entrapment and pumping over of gas through the circuit etc.

The following schemes for transferring loads and supporting components were analyzed:

1) The whole internal reactor structure — core and shield, pumps, heat exchangers, rotating plug
—is mounted on a lower supporting frame (Fig. 3). The load on the frame is transferred to the foundation
through special supports. The lower frame with the equipment mounted on it and the upper part of the
reactor are bathed in coolant at different temperatures. Thus one of the difficult problems in this con-
struction is to maintain equality of the thermal expansion of the upper part of the reactor and the equipment
mounted on the lower frame, and to ensure leak-tight joints between the tank and the external piping. These
problems were solved in the BN-600 reactor by using bellows at the pump and heat exchanger connections.
Cooling of the tank, even mainly the upper part of it, decreases the difference in the transverse displace -
ments of the upper reactor cover and the supporting frame on which the heat exchangers and pumps are
mounted, and thus improves operating conditions of the bellows which are located in the gas space so they
can be replaced. The rotating plugs together with the central column and the refueling mechanism are
attached to the upper tapered cover of the tank. The thermal expansion takes place upward from the roller
bearings on which the reactor is mounted. The load on the rollers is transferred to the foundation.

2. The reactor tank and a special frame supporting the core are hung from a heavy load-bearing
plate. The thermomechanical equipment is placed on an upper plate. To keep the equipment on the plate
stationary in this arrangement requires bellows 2.0-2.5 m in diameter operating in the coolant, or movable
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supports in combination with bellows. The upper plate turns out to be heavily loaded and complicated in
structure. Therefore the first version is preferable.

A number of structural units used and experimentally validated in building the BN-350 were utilized
in the construction of the BN-600: the rotating plugs and their tin—bismuth alloy seals, the refueling mech-
anism, the elevator, the basic elements of the fuel assembly transfer mechanism etc. Retention of the
external dimensions of the fuel assemblies permits the use of the existing technology of tube construction
and the takeover of units of the transfer-process part of the BN-350 equipment. All this appreciably de-
creased the amount of experimental testing. The planned program of experimental work provides for tests
of full-scale pumps for the primary and secondary circuits, a model of the heat exchanger, a module of the
steam generator, hydraulic reactor tests on a 1:6.6 scale model etc. Some of the planned experimental
work has already been completed.

Strength tests were performed on models of the most heavily loaded components of the vessel: the
cover and the supporting frame. The models were made of sheet steel on a 1:10 scale and constructed to
simulate the rigidity of the units. The tests showed that the vessel cover and the supporting frame were
strong enough for the maximum loads including the static loads which were twice nominal. Various types
and constructions of stean generators were developed in the design process. A once-through steam genera-
tor of the modular type was chosen for the BN-600. Type 1Kh2M low-alloy perlitic steel is used as the
structural material in the evaporator, and type 18/ 8 austenitic steel in the superheaters..

The BFS-2 test rig was constructed at the Physics and Power Institute to study the physical charac-
teristics of the BN-6 00 reactor and higher power fast power reactors. The dimensions of the rig permit
a full-scale mock-up of large reactors. At the present time the BFS-2 rig is being used to study a model
of the BN-600. The main purpose of the studies is to obtain experimental data on the critical character-
istics, the effectiveness of the burnup compensation and safety systems, and the heat release distribution
in the presence of the compensating rods. In 1970 experiments were performed on the BFS-2 rig to study
the penetration of neutrons through a mock-up of the reactor shield inside the vessel. The BFS-2 is air
cooled; experiments with a plutonium loading can be performed on it.
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A pulse fast reactor (PFR) was put into operation in 1960 at the Joint Institute of Nuclear Research
[1]. This is a new type of reactor which generates periodic power pulses lasting tens of microseconds by
mechanical modulation of reactivity. Immediately after it was put into operation, the reactor was used
for physical experiments, in which the basic characteristics of such a reactor as a neutron source were
determined. Since it generates neutrons in periodic pulses, the PFR can be used for experiments based
on flight-time methods. During the past decade, the reactor was used mainly for neutron spectrometry
in the energy range from millielectron volts to kiloelectron volts, i.e., in the energy range which is of
special interest for nuclear physics and the physics of condensed media. In these investigations, while it
operated in its initial variant at a time —averaged power level of a few kiloelectron volts, the PFR com-
plemented, and sometimes proved to be more efficient than, the pulse neutron sources based on accelera-
tors and stationary reactors with mechanical choppers which were then in use. The experience gained in
PFR operation has shown that, for experiments requiring pulsed neutron fluxes, periodic pulse reactors
provide a high recording intensity at much lower power levels in comparison with stationary reactors.
Thus, in resonance neutron measurements, the PFR at 3 kW was equivalent to a stationary reactor with a
power level of 20-30 MW [2]. For experimental purposes, the saving of power results in a very low back-
ground, which means that exceedingly weak effects can be detected. From the technical point of view, a
low mean power level simplifies the design of the reactor and its technological systems, ensures a com-
pact core, and reduces the operating costs.

The advantages of periodic pulse reactors are also obvious in the production of large neutron fluxes.
The largest modern experimental reactors (for instance, SM-2 in the USSR and HFBP in the USA) produce
fluxes of ~(2-3) -10'% neutrons/cm? -sec. Such fluxes probably constitute the technological limit for sta-
tionary reactors. In any case, in order to increase the flux to 1017-10'® neutrons/cm? - sec, a stationary
reactor with a power level of thousands of megawatts or more would be necessary, which would be inad-
visable because of the high cost of equipment, operational difficulties, danger of contamination by reactor
waste, etc. Periodic pulse reactors produce fluxes of the order of 10'® neutrons/ cm? - sec per pulse at a
mean power level of a few megawatts (for instance, IBR-2). In principle, they are capable of producing
high-intensity fluxes at reasonable mean power levels. Consideririg single -pulse reactors with regard to
the magnitude of pulsed fluxes (such reactors produce fluxes up to 5 -10!% neutrons/cm? - sec), we find that
they are inferior to periodic pulse reactors with respect to the integral neutron dose. Thus, IBR-2 pro-
duces approximately 3 -10'® neutrons/ cm? per day in the internal channel, while a single-pulse reactor
produces only about 10 neutrons/cm?.

‘State- Committee for Utilization of Atomic Energy of the USSR. Translated from Atomnaya Energlya
Vol. 31, No. 4, pp. 352-358, October, 1971.

© 1972 Consultants Bureau, a division of Plenum Publishing Corporation,- 227 West 17th Street, New York,
© N. Y. 10011. All rights reserved. . This article cannot be reproduced for any purpose whatsoever without
permission of the publisher. A copy of this article is available from the publisher for $15.00.
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Fig. 1. Schematic of IBR-2. 1) Experimental channels;
2) aqueous moderator; 3) core; 4) tungsten target; 5)
mobile reflector; 6) auxiliary mobile reflector (AMR); 7)
heat exéhanger; 8) electromagnetic pump; 9) linear ac-
celerator. '

These considerations indicate the usefulness of pulse reactors for investigating the dynamics of
radiation damage, short-lived isotopes and isomers, etc.

The booster operating conditions of the PFR, when the reactor in the subcritical state acts as a
breeder of neutrons from an external pulse source, which are injected at the time of maximum reactivity,
are of great interest for neutron spectrometry at energies exceeding a few electron volts (investigations
in nuclear physics and physics of condensed media, especially when the latter are acted upon by strong
pulsed magnetic fields or pulsed high pressure). In contrast to stationary boosters (the type used in Har-
well), a pulse booster, which operates mainly on prompt fission neutrons, ensures a high multiplication
constant (a few hundreds or more) with a lower background between pulses. Pulse booster conditions in
a PFR were first realized in 1964 [3]. This mode of operation improved by a factor of more than 100 the
quality of the source, which is characterized by the ratio of the mean yield to the square of the pulse dura-
tion (parameter Q/T%). A pulse reactor operating under booster conditions is suited for operation with
pulse durations of a few microseconds. In nuclear physics, such devices are used for investigating low-
probability processes, the composition of neutron-induced radiation, various correlations, etc. In such
work, a neutron pulse duration of a few microseconds constitutes a reasonable compromise between the
requirements for pulse infensity and the resolving power of the device.

The start-up of the first PFR in 1960 proved the feasibility of controlling a chain fission reaction on
prompt neutrons, which had been considered doubtful. The design of the PFR proved to be convenient and
reliable. Without substantial modifications, the PFR operated until 1968 at a mean power level of 1-6 kW.
Besides the above-mentioned operation, a new set of operating conditions with "rare pulses" was intro-
duced in 1968 [3], where pulses with a duration of 36 psec were generated at a frequency of 0.2 pulse/sec.
The pulse power reached 10° kW.

During the operation of the PFR, it was found possible to raise the power level (without modifying the
general PFR layout or enlarging the core) by improving the air-cooling system and providing two active
inserts for reactivity modulation (instead of a single one in PFR's). Improvement of the PFR design along
these lines resulted in the construction of a new reactor in 1969, IBR-30. This reactor is combined with
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Fig. 3. Experimental reactivity modu-
lator (without the sealing frame).
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Fig. 4. Multiplication constant as a func-
Fig. 2. Vertical section of IBR-2. tion of the MRE shift.

the LIU -40 linearelectron accelerator. The power level of IBR-30 presently reaches 25 kW and can be
raised even more. Under booster conditions, IBR-30 operates at a level of approximately 2.5 kW, pro-
ducing pulses with an approximate duration of 3 psec. The rising interest in neutron-spectrometry in many
branches of science and the exacting demands for intensity have stimulated the development of the new IBR-
2 megawatt reactor with an LIU-30 high-current injector.

The IBR-2 reactor has a compact core with concentrated nuclear fuel (plutonium dioxide) similar to
the BR-5 core, which has been tested in operation. The high specific power is achieved as a result of liquid-
metal: sodium cooling. Pulsed operation of the reactor is achieved by changing periodically the reactivity
of the system and moving a part of the neutron reflector relative to the core (Fig. 1).

The design of the reactor and its equipment for physical experiments has been described in detail
earlier [3, 4]. The basic characteristics of the IBR-2 reactor are the following:

Reactor (mean) power level..................... 4 MW
Pulsepower .............. . ... . i
At S HZ o e 7700 MW
at 50 Hz. ... . e 700 MW
Corevolume . ........covvurinnnnen.. e 20 liters
Fuel,PuOg... ..o 88 kg
Lifetime of fission neutrons .................... 4.2 1078 sec
Pulse duration ........... ... 90-100 psec
Fast neutron flux at the core center (at the maxi-
mum of apulse) ........ i, ~. 1.1-10'® neutrons/cm? -sec
Thermal neutron flux in the moderator (at the
maximum ofapulse)................... .. ... 10'" neutrons/cm? - sec
Time -averaged thermal neutron flux from the : »
moderator SUrface ...... ...t 1-10¥ neutrons/cm? -sec
Power level under booster conditions at 50 Hz .... 0.14 -9 MW. (0 is the pulse

duration, psec).

1109

Declassified in Part - Sanitized Copy Approved for Release 2013/02/26 : CIA-RDP10-02196R000300090002-1




Declassified in Part - Sanitized Copy Approved for Release 2013/02/26 : CIA-RDP10-02196R000300090002-1

O
0 OR020=0
98950805°6°  CedP0 dCe°

068009000 - ~0s0~OQ0Q S~ ONOAIAO
6868600003 98880000303 9BCHORA3RR0
20266c80308 me8e8e2050 2EOR0E0R0
BeBelc8000 | 188eS8sE0000  _8FS8E502050
2 nP22a930=0 8a® o8- 00 BB @S <0O=0
BaBa@0=0 2 @aBa0CA0 eSO
€282550503 8262280508 B8ee:030
5802550001 89258585503 8823030
E252680000  H8p8c8e8c0n0  Heg@lesecos0
8%?1080803@ 8g§gooogogo 2238%8888
odc;ooooé W ogo OOOZOOO OO O@ OOOO OO &0
' ! : 3
08080808080 8080808080 890203080
EEREOR0EO30 8850808080 EEROIOR0
REEL030800  pe8e28202030 RERER0S
2856550903  EReSs2e2020 EEEER0303
2086855005 [ESe8eS ™ 208 ee8s | 1500 N
0888050000 08685 | (030 o5 030 ,;
$0308550C03 11892eS | 00 eS| 308 E
8e2650303C lEe®els| %0 =281 030 ;
Siices sedlobm s X |
%%ooooooooo S0202080=0 3 |
|

o/ ® 8 R | 1/ oot V l
Fig. 5. Recorder chart of the loading of IBR-2 simulators. 1-6) Variants ‘ I
l

of the core geometry: I) core rods; II) rods of the stationary reflector; III)
MRE; IV) AMR; V) hydrogenous moderator.

|

The reactivity modulator (RM) of IBR-2 (Figs. 2 and 3) constitutes a basically new element in reac-
tor construction. A two-rotor modulator is used for regulating the pulse frequency while maintaining a
constant pulse width. The rotor of the basic reflector has three blades, one of which (radius, 1200 mm) is
the mobile reflector (MRE) proper and has a 24 X 7 cm cross section, while the other two are counter-
weights. The rotor is made of high-strength steel. Tungsten weights are provided in the counterweight
in order to reduce their size and provide the possibility of adjusting the position of the center of gravity.
The rotors of the basic and the auxiliary reflectors are mounted coaxially and are driven by the same
motor. The rotor of the basic reflector turns at a constant speed (3000 rpm), while the auxiliary reflector
(AMR) is driven by means of a gear box. This facilitates control of the repetition frequency of power pulses
at 50, 25, 10, and 5 Hz, since a pulse is produced only at the time of simultaneous passage of the basic and
the auxiliary reflectors near the core. Stable, controllable slippage of the driving shaft relative to the
driven shaft is provided. A 10% slippage corresponds to frequencies of 45, 22.5, 9, and 4.5 Hz. The ro-
tation of a heavy, complex steel rotor near the core imposes stringent requirements for the structural
reliability of the modulator. The situation is aggravated by the fact that the MRE can cause a sudden change
in the insertion reactivity and, consequently, in the pulse energy. Therefore, besides checking the design

by calculation, the stressed state of the basic reflector was simulated on parts made of optically active
resins.

Figure 3 shows the first variant of the RM. The program of RM investigations callg for determining
the actual stressed state of rotors of the basic and the auxiliary reflectors, vibrometer measurements of
the supports and blades of the MRE, and continuous monitoring of displacement of the MRE rotor. A sud-
den axial shift of the rotor can occur as a result of failure of the roller bearings in the rotor supports.

This shift would consist of the axial play of the roller bearings, the radial clearance between the shaft of
the reflector rotor and the auxiliary bearing.

The design of the RM in IBR-2 allows a shift of 0.9 mm. Under certain conditions, such a shift of the
MRE can produce a reactivity jump A€ = 0.00053, which would correspond to a pulse energy of 1.5 -104kJ.
Therefore, in mounting the RM supports, the axial play of the rotor bearings must not exceed 0.1 mm. In
order to ensure reliable operation of the bearings, they will be placed behind a radiation shield consisting of
a tungsten and tungsten boride layers. The shield is designed for operation over a period of two and a half ‘
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TABLE 1. Efficiency of the MRE for Dif-
ferent Cores

years with an integral prompt neutron flux of 2.5 - 1029
neutrons/cm? (E =~ 1 MeV). The shield ensures a 1300 h

Variant lifetime of the lubricating oil in a forced-circulation sys-
. ng y
‘C’ii’e . MRE dimen= AR, 9, o, x10-4cm=> tem. Because of the complex operating conditions and the
ornetrgy sions, em peculiarities of the radiation conditions, the RM has been
i i i T te
. 35507545 3.820.5 0.76..0.01 constructed in units that can be disassembled by emo
30X 7x45 3,63+0,12 0,88+0,03 control.
25X Tx45 3,24+0,09 1’06i8'0i13 :
20X7x45 | 2,88+0,10 1,03+0,0 riti sse of the simulator IBR-2 was
2 | 3BXIx4 | 1,740.5 0,9950.03 The critical assembly S.
30745 ©7,520,3 1,30+0,08 completed in 1968 on the large physical stand (LPS) at
§8§;§2§ g:ggig;gz }zggigjgg the Physics and Power Institute [5]. The present paper
3 35%X7x45 4,984-0,03 | 1,13+0,05 discusses the assembly results only from the point of view
30X 7x 45 4,98+0,01 1,17+0,03 £ th . £ th d the MRE
4 35X 7% 45 5,601 1,16=+0,07 of the optlmum geometry of the core an the .
307X 45 5,240,2 1,19+-0,02 N ) .
25X TX 45 4,7+0,2 1,104-0,02 The specific design featires of the LPS prevented

exact simulation of the IBR-2 composition. Highly en-
riched U®® was used as fuel instead of plutonium, and U3
was used for the stationary reflector instead of tungsten.
Considering that the reactivity effects ihvestigated on the

TABLE 2. Effect of Thickness of the MRE
on Its Efficiency

MRE thickness, | o, sk o the assembly depend mainly on the geometry, this simu-
mm ’ » lator is adequate for the problem in question.
o 01’7§$8'(1)8 34‘031—;%;3 ~ The core of the simulated reactor occupied a small
100 1,560,086 5,02°00,24 part of the LPS tank; it was composed of pipes with a

diameter of 50 mm, filled with the necessary materials

in the shape of tablets. The fixed reflector was constructed
in the same manner. A special mechanical system was
used for simulating the rotating (basic and auxiliary) re-

TABLE 3. Effect of Width of the MRE on
Its Efficiency

MRE % x10-¢cm™? sk, % flectors. The lever of the reflector could rotate slowly
thick inclined | gp [mclined | cal about the horizontal axis from —10 to +40°. The remote
ness, cm |26 26 control inspection system made it possible to place the
20 1,23+ _ 4,00 _ mobile reflector unit at any point within this sector with
+0,04 +0,12 * -path th i asur t th
25 .26 |1,3800,04 | 2874 | 4.8040,22 an accura.cy to =2 mm (the pa leng .1s measu ed at the
-+0,11 +0,19 mean radius of the MRE unit). The drive of the reflector
30 LT | 1,380,02 Boddct | 5,100,114 lever could be mounted on the support beam in two posi-

tions: vertical mounting on the mobile reflector and in-
clined mounting at 26° with respect to the vertical axis of
the core. The latter installation of the reflector disk was
used in the IBR-2 design. A steel plate with a thickness

TABLE 4. Comparison between Theoreti-
cal Data and Experimental Results

% <10 dom-2 of 7 mm, which simulated the reactor vessel, was placed
Assembly | MRE width, : - between the core and the mobile reflector. :
variant cm experiment calculation . :
The typical behavior of kegf with the MRE shifting
1 30 0,88-0,03 0,904-0,18 along an arc is shown in Fig. 4. For almost all the MRE 's
4 35 1,16+0,07 1,07+0,20 in i i ic within +
: i 115650707 1500 30 i vestlgatfed, th’e‘curve is parabolic within +5 cm from the
6 25 1,38+0,04 1,70-0,30 symmetric position:

E(z) =k (0) — az?,

Four core variants were considered in investigating the effect of the cross-sectional shape of the
core on the MRE characteristics (Fig. 5). Table 1 provides the measurement results for the parabolic
reactivity coefficient of 'the MRE (@) and the effect of moving away the MRE by 40° (Ak) for four assembly
variants and different MRE dimensions. It is evident that the maximum values of & and Ak are obtained

with the second core variant when the dimension of the core side nearest to the MRE (the dimension of the
core "window") is close to the MRE width.

The coefficient a decreases very slowly with an increase in the MRE width, while the total efficiency
of the MRE (the value of Ak) increases still further. Therefore, the optimum width of the MRE is 1.1-1.2
times as large as the "window" width. A special, the fifth, assembly variant with a 14 liter core was de-
signed for investigating the characteristics of the IBR-2 simulator with concentrated nuclear fuel. This
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agsembly was used for investigating the effect of the thickness of the MRE on its efficiency. The results
are given in Table 2. It is evident from these data that @ and Ak do not change appreciably if the MRE
thickness is increased by more than 10 cm. )

The effect of axial shifts of the MRE on the reactivity of the sysiem was investigated. It was found
that the dependence of & and Ak on the clearance between the MRE and the wall simulating the reactor ves-
sel is linear in the 2-22 mm range; the relative change amounts to 30% when the MRE is shifted by 20 mm.
The reactivity effects connected with the axial shift of the MRE are important for estimating the pulse
power fluctuations caused by vibrations of the mobile parts. Using experimental data, we can estimate
the fluctuation of the pulse energy; it amounts to 20-30% when the amplitude of axial oscillations of the MRE
is equal to 0.1 mm. The efficiency of a 45 X 35 X 3.4 cm auxiliary mobile reflector (AMR), mounted be-
hind the MRE (45 X 35 X 7 cm), was (0.68 = 0.04)%. ’

The sixth assembly was used for investigating the characteristics of the IBR-2 simulator with di-
luted fuel (core volume, 20 liters). The cross section of the core was identical to that of the fifth as-
sembly, while the core height was 45 cm instead of 32 cm.

This assembly was used for measuring the MRE characteristics with the lever in the vertical posi-
tion and at an angle of 26° to the vertical. The values of @ and Ak (the thickness and heightof the MRE are
equal to 7 and 45 cm, respectively) in dependence on the width and angle of the MRE are given in Table 3.

The total effect of moving away the AMR with the vertical lever was (0.91 * 0.03)%. The reactivity
change due to the axial shift of the AMR amounted to 0.14 1072 em ™.

The physical characteristics of the IBR-2 assembly were calculated by using the Monte Carlo method
for the three-dimensional geomefry. Good agreement with experimental data was observed for most param-
eters [6]. The theoretical value of @ agrees with the experimental value within the limits of the statistical
calculation error (Table 4).

The above investigations indicate that the planned reactor characteristics can be realized with the
chosen reactivity modulator.
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This report considers the design of isotopic thermoelectric generators for oceanographic and navi-
gation devices; hydrographic, automatic radiometeorological, and magnetic monitoring stations; high-
altitude cosmic ray stations, and other terrestrial research stations and devices.

The scientific and engineering aspects of the design of such power sources are discussed and the
characteristics of some specific generators are listed.

Radioisotopic Fuel. More than 1000 radioactive isotopes are known at present. Successful selection
of thermoelectric fuel requires a detailed study of the physical properties of the isotopes and in particular
of the rate of change of the number of parent nuclei (burn-up rate) and the amount of energy released in
one disintegration event. Most suitable as fuel are isotopes with a half-life in the range 100 days to 100
years (about 50 isotopes) of which 12-15 can be produced in large quantities.

The basic advantage of a -radioactive isotopes is the high energy release per disintegration most of
which is converted into the kinetic-energy of an « -particle and recoil nucleus whose range lies within the
bulk of the radioactive material and the fuel canwalls. In some radioactive isotopes (precursors of the
radioactive transformation chain Ac®', Th?®, and U%?) the total energy release per disintegration reaches
up to 30-40 MeV, which is comparable to the fission energy of heavy nuclei. It is also important that in a-
decay most transitions take place on the ground level of the daughter isotope and that in cases when the
probability of transition on an excited level is appreciable, the excitation energy is quite low. S-Decay
(in which, as a rule, the average energy per disintegration Ep <1 MeV) is accompanied by bremsstrahlung
and ¥ -radiation; on the other hand, however, S-radiative isotopes are more readily available .

The radiophysical properties of isotopes, as well as their sources and production methods, can serve
as a basis for selecting isotopes most suitable as sources of electrical energy (see Table 1).

Radioactive fission isotopes and the most widely used Sr?° isotope are obtained principally by pro-
cessing radioactive waste solutions. The group concentration method, based on calcium oxalate precipita-
tion, is used for the production of radiochemically pure elements including Sr?®. The above method makes
it possible to divide all radioactive fission elements into two groups: one including strontium, yttrium, the

rare-earth elements, and americium, and the other including ces1um ruthenium, zirconium, niobium, and
ballast impurities. :

Most promising at present seems to be extractive separation of alkaline-earth elements with the liber-
ation of pure strontium. This involves the use of the following extractants: a solution of di- -2-ethylhexyl -
orthophosphorlc acid in kerosene in nitric acid medium and a solution of salicylaldoxime in tmbutylphos—
phate in alkali (sodium hydroxide or ammonia) medlum

Deceased.

The USSR State Commlttee on the Use of Atomic Energy. Translated from Atomnaya Energ1ya
Vol. 31, No. 4, pp. 358-365, October, 1971.
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TABLE 1. Comparative Characteristics of Some Isotopes Suitable for Thermoelectric

Generators
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& E |S5>| 2 §2128 |+ EL BT 1ESS
< Bl u O ] = Q
L f | £1&82] 8 &8 S8k | s8] 138288
Po210 0,378 o 5,401 9,32 144,0 1340,0 31,4 |1,75.10-4 — Irradiation
Bi2®
) 1
Ac?2? 21,7 [+ 34,332 .- 14,85 — 4,94 1,0 — Irradiation
(equil.) Ra26 :
Thees 1,9 a 34,746 11,7 | 170,05 | 1995,0 4,875 3,0 — Irradiation !
(equil.) R4226
U2 73.6 o 40,174 19,05 5.0 95,0 4.2 3.56 e Irradiation :
(equil.) pa2i!
Pu23s 86,4 o 5,59 16.0 0,58 9.25 30,3 [6,35.104] 4.85.103 |[rradiation '
Np27
Cm242 0,445 o 6,213 13,5 122,51 1652,0 27,6 6,7-10-4 1 1,62.105 |Irradiation
Am?Y
Cm14 17.9 o 5,89 13,5 2,89 39,0 28,6 3.24.1074} 3,76-108 | Irradiation of
Am®® or ,
heavy iso- :
topes of
plutonium :
Sreo 27,7 B 1.1 2,6 0.936 | 2,44 154,0 |Brems- -~ Fission prod- '
strah- ucts
lung
Cst37 29.68 | B,y 1 0,736 1,873 0,411 |. 0,77 215,0 66,2 -— The same
Coldd 0,78 lﬁ, v l 1,409 | 6,9 | 26,7 184,4 | 1200 | 2,0 - - '
Pm147 2,62 B 0,062 — 0,338 — 2725,0 |Brems- — "o :
strah- !
ung 1
Co8? 5,27 B,y 2,607 8,71 17,5 152,0 65,0 84.5 — Irradiation
o
Tul?70 0,354 B 0,321 9,3 . 11,35 105,5 525,0 |Brems- — Irradiation
. strah~ Tl
lung u _
Iris 0,204 | B,y 1,1 22,5 59,7 1345,0 154,0 76,6 — Irradiation :
ot .

One of the most important factors, in particular for short-lived isotopes, in the selection of an iso-
tope as a thermal power source is its cost. This cost is critically affected by the possibility of using fast |
extraction methods which reduce the disintegration losses in the course of production. For example, PoX®
can be obtained by rapid extractive distillation from enriched bismuth with multiple reuse of the bismuth.

The preparation of thermally stable polonium compounds from the vapor phase ensured a high mea-
sure of safety in the production and operation of generators.

Radioactive isotopes are used as fuel in the form of special preparations sealed in hermetical cans.
From the point of view of radiation safety they present a sealed source of heat energy with an activity up
to several hundred kilocuries with a high mechanical, thermal, and corrosion stability .

Since radioactive isotopes present a potential biological danger the fuel capsules must meet stringent f
requirements. The radioactive preparations should be hard and noncrumbling, nonsublimable, practically |
insoluble in sea and fresh water, and must not react withair, water, or the capsule material which also \
should be highly radiation and heat resistant.

From the point of view of radiation characteristics, the preparation should contain a minimum quan- |
tity of impurity radioactive isotopes with hard neutron and Y-radiation; the stable isotopes that enter into
the chemical compound or serve as the carrier should contain predominantly elements with a low (in the f
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case of @ -radioactive isotopes) or high Z (in the case of g~
radioactive isotopes). The last requirement helps to re-
duce the yield of bremsstrahlung and neutron radiation of
the isotopic assembly. The fuel material should have a
sufficiently high thermal conductivity and not contain any
appreciable amount of radioactive impurities with a half-life
Fig. 1. Radioisotopic blocks based o significantly different from that of the basic isotope. A

| Sr?, ' low thermal conductivity causes a significant temperature

| drop inside the thermal unit and can impair its thermal
stability; a high content of short-lived isotopes can cause

a significant drop of initial power, whereas a considerable
amount of long-lived isotopes is liable to reduce the specific
activity.

- The materials and construction of the capsule must
ensure that the isotopic block remains intact and safe not
only under normal operating conditions but also inemergency
situations which can arise in the course of operation or
transport and during storage (Fig. 1).

Presently used radioactive blocks have activities of the
the order of tens and hundreds of kilocuriesandarebased on
ce!* (20,000.Ci), Sr?® (9,000-100,000 Ci), and Cs!*" (50,000~
150,000 Ci); Pu®® Po%% Cm??, and Co®’ radioactive blocks
that meet all the above-mentioned requirements are also.
The thermal power released by these blocks is in the 1 to
1000 W range.

Energy Release in Isotopic (Thermal) Blocks. Ob-
viously, the total disintegration energy Q consists of the
o -particle energy E,, , the recoil nuclei energy (mg/ Mpye)
-Z, and (in the presence of fine structure) of the energy of
emitted Y-quanta. In case of f-decay and spontaneous fis-
« gion, one must also take into account the energy of fission
products (Efp), and the energy of S-particles and of ¥~

Fig. 2. Cross section of isotopic thermo-
electric generator..

quanta:

Q -~ (1 L %&uc) D) By 1= ) Ep g, 4+ ) huny, -t B,

In general, the three-dimensional distribution of the energy absorbed in the isotopic block and the
subsequent integration of this distribution cannot be calculated analytically but require the application of
time-consuming numerical integration methods. However, considering that the range of o - and B -particles
and of recoil nuclei is quite short (a fraction of a millimeter), practically all of their kinetic energy is
absorbed within the fuel proper (the leakage bremsstrahlung is < 1%). The energy absorbed within the
radioactive block is equal to the total radioactive disintegration energy, while the specific heat release can
be with a sufficient degree of accuracy assumed to be uniform over the entire‘block volume.

Since the range of ¥ -quanta is comparable with the block dimensions, calculation of the specific or to-
tal heat release due to them is one of the most difficult tasks. This causes a significant energy leakage in
such isotopes as Cs'3" and Co®®. Calculation of the specific heat release distribution resulting from the in-
teraction of ¥ -radiation with matter at different points of the thermal unit requires numerical integration
in several variables. Such an integration has been made for a Cs'¥' thermal unit in the form of an equi-
valent sphere.

The heat release has been checked experimetally with the aid of calorimetric devices deéigned to
operate in hot chambers. The obtained results agree quite closely with theory.

Biological Protection. Adequate biological protection is of the utmost importance in the design and
production of isotopic power sources containing kilocurie quantities of radioactive fuel. One of the particular
features of this design is that on the one hand the dimensions of the radioactive block are comparable to the
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Fig. 3. Ce'*-based "Beta-1" thermo- e T .
electric generator. Fig. 4. Sr%-based "Beta-S" generator.

mean free path of ¥ -quanta in the fuel material (so that the effect of self-absorption in the source must be

taken into account) and, on the other hand, the block dimensions are much smaller than the distance at

which thedose rate P is limited to a safe value. In a point approximation we can thus assume that
P="2F.

=Rt
Here F = };, K;ifie “HdB(ud). In case of bremsstrahlung F = f(I(E)/E)K]- (E)f(E)e MB(ud)dE, where K; is the

differential ¥ -constant, B is the buildup factor, f is the self-absorption coefficient, p is the linear attenua-
tion factor, and I(E) is the radiation intensity.

Conversion of Radioactive Disintegration Energy. One of the essential problems encountered in the
design of isotopic power sources is the conversion of the radioactive disintegration energy into electrical
energy. In the power range from one to several hundreds of watts the best results are obtained with the
thermoelectric conversion method which offers high reliability, acceptable efficiency, and long working
life.

Thermionic-emission and mechanical conversion methods are suitable for high-power generators (in
the kilowatt range). Atomic batteries are efficient (in some cases) for electrical power sources in the
micromilliwatt range.

The thermoelectric method is the most advanced one at present; semiconductor materials providing
significant conversion efficiency (5-8%) are avaijlable for the low-temperature (up to 300°C), medium -tem -
perature (300-700°C), and high-temperature (above 700°C) ranges. Combination of several different mate-~
rials in cascade arrangements provides even now a conversion efficiency of 12-15% in experimental models.

Engineering design methods have been developed for single- and multi-cascade isotopic thermo-
electric generators, and the radiation resistance of thermoelectric materials has been studied in neutron
and Y -radiation fields. High concentration of recombination centers appreciably reduces the lifetime of
electron-hole pairs, so that the effect of ¥ -quanta ionization on the properties of thermoelectric materials
@, 0, n, Z) is negligible. An estimation of the number of defects caused by prolonged (10° h) flow of neu-
trons (10°-107 neutrons/cm?® - sec) through such materials indicates that even without allowing for the effect of an-
nealing the number of radiation defects is by two-three orders of magnitude less than the number of im-
purity defects.

Choice of Heat Circuit and Generator Design. An isotopic thermoelectric generator (Fig. 2) is a heat
source consisting of a radioisotopic block 5, whose surface is partly covered by the thermoelectric con-
verter elements 3 and structural joints 4. The rest of the surface is covered with heat insulation 6. The
heat carriers are connected to the structural elements of the generator which through a system of coolers
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|

Fig. 5. Sr?%-based "Pingvin™ generator. Fig. 6. Sr¥-pased "Efir" generator.

1 dissipate the heat into the environment. From the point of view of the heat-exchange theory, an isotopic
thermoelectric generator can be regarded as a system with an internal heat source whose thermal field
is governed basically by thermal conduction or radiation inside the system and by convective (radiative)
or contact heat exchange with the environment.

The principal problem in selecting and designing the heat circuit is the provision of maximum heat
flow towards the thermoelectric converter so as to create on it a temperature drop corresponding to the
optimum temperature range of the selected semiconductor material. Particular attention is given to the
generation of a uniform heat flow through all converter elements and to the reduction of parasitic thermal
resistances on its path. The abundance of factors affecting the thermophysical characteristics of the gen-
erator requires a detailed preliminary and experimental investigation.

Thermoelectric Generators with Ce!**, Cs!®, 8r? Pu®? cm?? (Po?". The feasibility of using Cel!!
and Sr** isotopes in thermoelectric generators for powering automatic radiometeorological stations or other
similar devices can be judged from an analysis of the properties of these isotopes and from a considera-
tion of the state of their technology and production methods; it should be noted in this connection that Ce!44
based generators can operate for one-half to one full year while Sr®’ can serve for one to 10 years.

A consideration of the radiation yield and heat release in the isotopic block indicates that the prin-
cipal contribution comes from the daughter isotopes Pr!% and Y?°; the chemical forr of the fuel is Ce,
“(MoOy); and SrTiO;. The thermoelectric converter is made of low-temperature alloys based on Bi;Te,

+ BiySe; and BiySe,; + Sby,Te; which have the most favorable thermoelectric properties on the 200-600°K
temperature range together with excellent reliability. The thermoelectric element system is connected
as a single battery which considerably simplifies the generator assembly and battery replacement. Ther-
mal insulation consists of a system of shields that ensure minimum thermal loss and enable the use of a
quite simple heat removal control system together with the use of relatively short-lived Ce!* isotopes
(Fig. 3).

During the years 1963-1970 Sr® has been used in "Beta-2," "Beta-3," and "Beta-S" (Fig. 4) thermo-
electric generators for powering various radiometeorological stations, in "Efir" and "Pingvin" generators
for powering light and radio beacons and magnetic -monitoring stations, (Figs.5 and 6), and in the dual-
purpose "Angara" generator used for supplying both heat and electricity in high-altitude cosmic ray sta-
tions.

‘ The use of the Cs!37 isotope in electrical power supplies for various hydrographic stations is war-
ranted chiefly by the fact that this isotope can be produced industrially in quantity, has an adequately long
half-life, and by the possibility of using sea water as a biological shield. Among its shortcomings is the
presence of accompanying ¥ -radiation (Cs!®*? at 660 keV and Cs'® at 1.367 MeV) and the relatively low
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: Fig. 8. Generator on cascade trans-
Fig. 7. Pu®-based "MIG -67" generator. former.

specific release (0123 w/ crn3). In all these devices the fuel is used in the form of cesium —lead —silicate
glass as the least soluble cesium compound.

A distinctive feature of Cs!3"-based fuel is that 70% of the radioactive disintegration energy is con-
tained in the kinetic energy of Y -quanta; this makes it necessary to use massive heat blocks. By enclosing
this block in a high-efficiency heat insulation system it is possible to direct maximum heat flow towards the
thermoelectric converter and so to increase its power density by a factor of five to six.

The design of isotopic electrical power sources using Pu?? has been stimulated by the need of a port-
able general -purpose source.

The demands of minimum weight and size, as well as the desirability of low neutron and ¥ -radiation
background, led to the use of fuels based on o -radioactive isotopes. The ahove demands are most fully
met by Pu®® which, in fact, is the only @ -radioactive isotope with a sufficiently long T1/2 (86 .4 years) and
low accompanying radiation.

The design of type MIG-67 portable generators (Fig. 7) using Pu®® required the solution of several
problems both in the design of the isotopic block and the micromodule thermoelectric converter. The small
size of the generator causes increased heat loss through the structural elements of the generator. The loss
of heat through the short mechanical joints is comparable to the loss through insulation so that is is pre-
ferable to locate the low-power isotopic (thermal) unit directly on the battery or between two batteries.

Unique properties of the Cm? and Po®'? isotopes (high specific energy release, relatively low ¥ -
radiation intensity) as well as the potential feasibility of quantity production open up wide possibilities for
the design of high-density power sources. The use of high-density radioactive fuel allowed the design of
thermoelectric generators with cascade converters having an efficiency of 8-10% in the 300-850%K tem -
perature range. :

The positive experience gained in the design and operation of isotopic generators in various regions
of the USSR and the expanding possibilities in quantity production of radioactive isotopes lead the way to
further progress in isotopic power engineering in the USSR.
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RESEARCH IN CONTROLLED THERMONUCLEAR
FUSION IN THE USSR

L. A, Arts‘imovich

The problem of using nuelear fusion reactions for power purposes remains in the stage of preparing
the scientific foundation on which the engineering developments of future thermonuclear fusion reactors
must be based. This stage will end after methods for obtaining a new nuclear fuel based on deuterium or
mixturewith tritium havebeen developed. Suchfuel mustbea high-temperature plasma whieh satisfies two prin-
cipal requirements :@_—)\/the plasma temperature (or, more precisely, thetemperature of its ionic component) must
beoftheorder of ~10% eV (i.e., ~10% degrees) ;@he thermal enermy mustbe maintainedinthe plasma for a suffi-
ciently longtime. Itis necessary thatthe conditionny > A be satisfied, where nis the plasma concentration (the
number of electrons per cubic centimeter); Tis theaveragetime for which'the energyis conseryed (the ratiobe-
tweenthe thermal energy reserveand the thermal flux from the plasma). The constant A depends on the com-
position of the nuclear fuel. For pure deuterium it is ~1 -10!® under optimal assumptions, while for a
mixture of deuterium and tritium (with equal amounts of the two components). it is approximately 1 -10!4,

However, so far not a single experiment has been able to achieve the combined fulfillment of the
conditions indicated (we are not speaking here of a thermonuclear explosion whose destructive energy is
very difficult to use practically with a high enough efficiency). At the same time it may be stated that from
year to year the physical parameters of the plasma are being improved.

Almost all the methods which used to create a high-temperature plasma are based on the idea of
magnetic thermal insulation. The essence of the idea resides in the fact that the plasma must be immersed
in a powerful magnetic field. The geometric shape of the field is chosen to be such that the electrons and
ions of the plasma, which may move relatively freely only along the magnetic lines of force of the field,
must not depart from a bounded region in space designed to be filled with plasma. In this case the transfer
of energy to the chamber walls which confines the plasma may be (at least theoretically) reduced by many
orders (i.e., the heat may be well trapped within the plasma). »

Several versions exist for implementing the idea of magnetic thermal insulation. They form the
basic competmg trends in the problem of thermonuclear fusion. In recent years the scope of these trends
has expanded as a consequence of the appearance of new propositions concerning ultrafast heating of matter
by light and electron fluxes having a very high power. Under these conditions the use of magnetic thermal
insulation may even turn out to be nonmandatory. At present one cannot yet make a final choice between
the various approaches to the solution of the problem of controlled nuclear fusion or indicate the most
promising direction in which the greatest effort should be concentrated. Therefore, in the next few years
the program of scientific-research work must remain fairly broad. In the Soviet Uaion the principal ele-
ments of this program were defined fairly long ago, although the distribution of efforts toward their de-
velopment is gradually changing. ' '

In recent years the most intense development work in the USSR has been carried out in two direc-
tions:g the study of methods of obtaining a high-temperature plasma in closed (toroidal) magnetic sys-
tems;{2) the investigation of the properties of a high~temperature plasma in open magnetic systems having
"magnetic mirrors."

Considerable attention was likewise devoted to an investigation of the interaction of a plasma with
h1gh—frequency electromagnetic fields. In addition, the study of processes which lead to the development

State Committee on the Utilization of Atomic Energy in the USSR. Translated from Atomnaya Ener—
glya Vol. 31, No. 4, pp. 365-375, October, 1971.
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Fig. 1
Fig. 1. Diagram of a "Tokamak" installation.

Fig. 2. Structure of the magnetic field which confines the plasma in a "Tokamak" installation i
(the pitch of the helical line is greatly reduced for purposes of clarity).

of a so-called "plasma focus" —a very dense high-temperature plasmoid which is formed during the final
stage of fast pinch of a plasma by the magnetic field of the current flowing throughit— has been continued.

Comparatively recently a new trend in the thermonuclear fusion program appeared — the heating of ;
matter to ultrahigh temperature by a laser pulse of very high power and such short duration that thermal |
insulation becomes meaningless during the heating phase. !

Let us consider the basic results of investigations which have been performed according to the enu- {‘
merated subdivisions of the overall program. ;
|

In closed magnetic systems a plasma may spread freely along the magnetic lines of the field which
do not depart from a bounded region in space. It is formed inside a toroidal chamber and takes the form
of an annular turn. One of the basic versions of the construction of such systems is the group of "Toka-
mak" installations. In installations of this kind the high-temperature plasma exists under quasisteady
conditions. A current generated by the induction method flows along the annular plasma turn. The magnetic
field of this current plays the principal role in ensuring the magnetic thermal insulation of the plasma.
The heating of the plasma takes place at the expense of Joule heat released by the current.

In order to suppress destructive instabilities which are inherent in a plasma conductor with a power-
ful current flowing along it, a longitudinal external magnetic field is used whose lines of force are parallel
to the current. Its intensity Hg must exceed the intensity of the current field Hyp manyfold. The longitudinal
field is generated by means of coils which are situated on the surface of a toroidal chamber (Fig. 1). The
magnetic field in the plasma turn is a superposition of two fields, and therefore its lines have a helical
structure (Fig. 2). They are strongly elongated along the turn, since Hg >Hep.

Figure 3 shows the largest of the currently active "Tokamak" installaticns — the T-4 — whose con-
struction was completed this year. It is actually a modernization of the previous T-3 installation. In the
T-4 the diameter of the toroidal chamber is equal to 1.8 m. The diameter of the cross section of the plasma
turn may reach 36 cm. It is restricted by an iris which is mounted in the internal shell of the toroidal
chamber —the "liner." The liner is welded from thin stainless steel bellows. The outer shell of the cham -
ber is constructed from thick sheet copper. The maximum intensity of the longitudinal field created by the
coils on the axial line of the plasma turn is ~50 kOe. For the indicated maximum value of Hg the limiting
current in the plasma at which its stability can be maintained must not exceed ~300 kA . In order to excite
current in the plasma a core transformer is used which has a toroidal chamber placed over its core. The
length of the current pulse may be varied within the limits of several hundred seconds.

In order to study the physical properties of the plasma various means of plasma diagnostics are used.
The plasma concentration is measured by means of probing with short radio waves. In experiments on
"Tokamak" installations it amounts to approximately 2 -10'2-6 -1313. More exact data on the electron tem-
perature Tg are obtained by measuring the scattering of a laser beam in the plasma. Such measurements
were first carried out on the T-3 installation in 1969 jointly by English and Soviet physicists. The ion
temperature Tj may be determined as a result of analyzing the energy spectrum of neutral hydrogen (or
deuterium) atoms emitted by the plasma due to the charge exchange processes. The other method of de-
termining T; in deuterium plasma is based on recording neutron radiation which is of thermonuclear origin
in "Tokamak" installations.
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At the 1. V. Kurchatov Atomic Energy Institute investigations of the properties of a plasma in "Toka-
mak" installations have been in progress for longer than 10 years. In this institute the theoretical and
experimental investigations are carried out in parallel. The choice of a specific experimental program
was facilitated by the fact that at the very earliest stage of the research Shafranov developed the theory
of equilibrium of a plasma turn and established the principal rulefor magnetohydrodynamic stability of a plas-
ma (the so-called Kruskal ~Shafranov criterion). According to this rule it is necessary for the condition
(Hg/H p(@))(a/R) to be fulfilled for stability of the turn; here Hy(a) is the field intensity of the current on the
plasma boundary; @ is the radius of the turn cross section; R is the major radius of the toroidal system.
The quantity q is called the stability margin. It depends on the distribution of the current over the cross

- section of the turn and for a bell-shaped distribution it must lie in the range from two to three.

A powerful impetus was given to the development of experimental research in recent years by the
development of the "neoclassical" theory of diffusing and thermal'conductivity phenomena in toroidal plasma
systems. In this theory, whose foundations were laid by Sagdeev and Galeev, one important feature in the

‘motion of charged particles in helical toroidal magnetic fields is considered as a consequence of which
abrupt qualitative differentiation develops between the properties of a plasma turn and a straight plasma
cylinder. In a helical toroidal configuration so-called "imprisoned™ particles exist which oscillate along
the lines of force and are reflected from those regions of the field where the field intensity is highest. The
presence of imprisoned particles which may deviate noticeably from the lines of force during their motion
must lead to an abrupt increase in the diffusion and thermal conductivity coefficients. In a plasma having
a high temperature and low concentration the diffusion and thermal losses in "Tokamak" installation must
increase approximately in the ratio H%/H%p in comparison with the value yielded by the initial version of
classical theory. For "Tokamak" installations this means an increase in the rates of diffusion and thermal
losses by a factor of several hundred. The appearance of the new theory allowed abrupt reduction of the
discrepancy which existed previously between the experimental data and the theoretical calculations. How -
ever, as we shall see further on, this still does not mean that complete clarity has been achieved in the

understanding of the mechanism of the processes which cause energy losses from a plasma in "Tokamak"
installations.

In many years of experimental work in the "Tokamak" program a number of improvements were in-
troduced in the construction of the installation. The improvement of the vacuum conditions under which the
formation and heating of the plasma turn takes place allowed considerable reduction of the impurity content

'in the plasma. Correction of the geometry of the magnetic field and development of methods for controlling
the position of the plasma turn in the chamber provided the possibility of abruptly attenuating the interac-
tion of the plasma with the liner walls and the iris, as a result of which the temperature rose and the plasma
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Fig. 4 , . Fig. 5
Fig. 4. Diagram of the simplest magnetic trap.

Fig. 5. Shape of the winding which creates a magnetic field which increases on all sides of the plasma.

stability increased. The search for optimal operating modes of the process likewise facilitated an improve -
ment in the principal physical parameters of the plasma.

Let us present the most important results of the experimental investigations which have been carried -

out according to the "Tokamak" program. The measurements of the thermal energy of the plasma which
were carried out on the T-3 installation by various independent methods showed that in a steady-state
thermal mode the ratio between the average magnitude of the gaskinetic plasma pressure p = nk (T, + Tj)
and the pressure of the magnetic field of the current on the boundary of the turn H? (a)/ 87 varies only
slightly over fairly wide limits of variation of the initial conditions of the process. For a concentration
which is not too small the ratio 8¢ = SWE/H%p(a) is 0.4 = 0.1. This result may likewise be written in the
following form*:

2Nk(Te4-Ti) ~ 4-107%1%,

where N is the total number of electrons per centimeter of length of the plasma turn; Te and Ti are the
average values of Te and T; (per electron or ion of the plasma); the magnitude of the current is expressed
in amperes here. The electron temperature is usually considerably in excess of the ion temperature. The
maximum 1\galue of Tg on the axis of the plasma turn in the T-3 installation reached ~2 -107 degreest for
ng ®2-107. :

The profile of the temperature distribution over the cross section of the plasma turn may be ap-
proximated well by the function Tg = T (0) (1 —1r%/a"?. A characteristic feature of this distribution is the
flat top which is evidence of the fact that the coefficient of thermal conductivity reaches very large values
near the axial line of the turn (where H<p — 0).

The processing of the results of measurements of T; shows that the quantity T on the axial line of
the plasma turn may be represented in the form of the following function of the process parameters:

1
—

T, ~ 6-103 V IH Ron,
VA

where He is the average magnitude of the electron concentration; A is the atomic weight of the substance.

The indicated dependence is in good agreement with predictions of the neoclassical theory of thermal
processes in a plasma. However, since it was obtained by processing experimental data associated with
a restricted range of the principal parameters, it is still early to speak of the proposition that the quan-
titative conclusions of neoclassical theory have been experimentally verified on this point. The maximum
magnitude of T; measured in experiments carried out on the T-3 installations was ~7 -10° for hydrogen
and ~5 -10° for deuterium (in this case a noticeable neutron radiation was observed, which had a quasi-

steady character and continued for 20-30 msec). The mechanism of the procesées which determine the
*k is the Boltzmann constant which is equal to 1.37 10716
T The temperature is frequently also expressed in electron-volts by means of the relationship: 1 eV is

equivalent to 11,600 degrees. Henceforth we shall use both temperatures scales.
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heat losses from the plasma turn has not yet been finally established. Evidently, the electronic component
of the plasma loses energy considerably faster than is prescribed by the neoclassical theory. The conser-
vation time of thermal energy Tg in the plasma for the T-3 installation was 3 to 10 msec. When the ini-

tial experimental conditions were changed, T changed in proportion to the skin-effect time. The relation-

ship T ~ 1.1a2(?E holds, where o is the electrical conductivity of the plasma averaged over the cross sec-
tion.

The electrical resistivity of the plasma in "Tokamak" installations under ordinary experimental con-
ditions exceeds the magnitude predicted by theory for hydrogen plasma under steady-state conditions
severalfold. The cause of this anomaly has not yet been established. The increase in resistivity may
be caused by the presence of ions of heavy impurities in the plasma. Moreover, it should be expected that
for a low plasma concentration the passage of current must be accompanied by buildup of oscillations in
the plasma, which leads to intensified retardation of the electrons.

One may speak of further prospects for research according to the "Tokamak" program only on the
basis of a rather near extrapolation of the experimental relationships that have been found. If we continue
to use Joule heating of plasma, then it will evidently be possible to advance to ion temperatures lying in the
| (2-3) -107 (2-3 keV) range and to bring up to the plasma concentration to ~10! and the duration for which
the thermal energy is retained to tenths of a second if the geometric dimensions of the installations and
the intensity of the longitudinal field are increased further. However, in order to reach a Ti level equal
to 10% we shall require new more efficient methods of plasma heating. For this purpose one may in prin-
ciple use injections of intense streams of fast neutral atoms into the plasma and resonance absorption of
electromagnetic waves at plasma frequencies. One should also have in mind the possibility of using the:
method of "magnetic pumping® of energy by periodic contraction and expansion of the plasma; this may be
achieved by applying an alternating control field H; directed parallel to the principal axis of the toroidal
system to the plasma turn. The possibility of using so-called turbulent heating of a plasma under short
pulses of a high induced voltage is likewise of interest. None of the methods enumerated has yet been tried
on "Tokamak" installations.

A different version of closed systems is implemented in_stellarators. In these devices the function of
magnetic thermal insulation of the plasma current is assigned to a longitudinal field of external origin which
must have a special fairly complex structure in order to carry out this function. The presence of so-called
"rotational transformation" is characteristic of this structure; this transformation resides in the fact that
the magnetic lines of force are rotated about the ring axis of the plasma current (if one travels along the
chamber). The magnetic field in "Tokamak" installations has the same property, only in them the helical
structure of the lines of force develop due to superposition of the fields created by the plasma current and
the external coils. The presence of a ring current in the plasma is not mandatory for a stellarator. There-
fore, in such a system the plasma may be created not only by means of an electrodeless induction dis-
charge, but likewise by ionizing the gas by means of a high-frequency electric field caused by injecting a
plasma jet from the outside. ‘

In the USSR the development of methods for obtaining ahigh-temperature plasma in stellarators is
being carried out at the Khar'kov Physicotechnical Institute and the P. N. Lebedev Pliysics Institute. Many
stellarator installations have been constructed. The largest of them — "Uragan" —was constructed in Khar'-
kov. The length of the plasma turn of the installation was 10 m, while the maximum maghnetic field in-
tensity is 10 kG. Experiments have shown that one may obtain a plasma having high physical parameters in
a stellarator only in the case in which the geometry of the magnetic field satisfies very rigid requirements
and the field intensity is very high. At present we do not yet have an installation which fully satisfies these
requirements. Therefore, most of the experimental information obtained in recent years is associated with
conditions under which the plasma has a low density and a fairly low temperature. Under these conditions
it was clarified that the decay rate of the plasma decreases with increasing angle of rotational transforma-
tion of the magnetic lines of force (i.e., with increasing steepness of the helical structure). The time for
which the energy is retained in the plasma increases with increasing electron temperature. In the "Uragan"
installation it reaches 0.5 msec for ng ~ 2 -10'®. The value of Te measured from laser-light scattering
amounted to 100 to 400 eV. It should be noted that if the data on the diffusion velocities and thermal losses
obtained from the "Uragan" stellarator are extrapolated and recalculated for the dimensions and magnetie
field intensity of large "Tokamak" installations, valués close to those which are characteristic of T-3 in-
stallations are obtained for the energy conservation time and the lifetime of the particles. At the present
stage of development the stellarator program remains promising. '
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Fig. 6. Diagram of the installation for ob- Fig. 7. Diagram of a "plasma compres-
taining a "plasma focus." sor."

A traditional part of the overall program of work on controlled fusion in the USSR is the research
on the properties of a hot plasma in open magnetic systems with magnetic mirrors. They are usually
called mirror magnetic traps. In systems of this type fast charged plasma particles are confined by re-
flection from regions having an intensified magnetic field which are created on the boundary of the region
occupied by the plasma. The simplest mirror trap is depicted in Fig. 4. The magnetic field is produced
in it by two coils which carry current in the same direction. The electrons and ions of the plasma os -
cillate along the lines of force between regions having an intensified field which are situated in the regions
in which the magnetic lines of force bunch together. However, based on a theoretical analysis one may
conclude that the plasma must flow out rapidly from such a trap. This occurs because the magnetic field
intensity increases along the lines of force in both directions from the middle region occupied by the plas-
ma and simultaneously decreases in the radial directions.

A plasma is a diamagnetic substance, and therefore it tends to move in the direction of a decreasing
field (ie., it spreads out laterally). Experiments confirmed this theoretical prediction. Therefore, simple
magnetic traps were replaced by more complex ones in which the magnetic field satisfied the so-called
principle of the minimum H (i.e., it increases in all directions from the region occupied by the plasma).
The first mirror trap satisfying this condition was constructed in the I. V. Kurchatov Atomic Energy In-
stitute in 1961 (Fig. 5). In it the source of the magnetic field consisted not only of coils but also of six
straight current-carrying conductors. The currents flow in opposite directions in the neighboring con-
ductors. This system produces a field whose intensity increases on all sidesof the central region. The
very first observations of the behavior of a plasma in a trap having such a "hybrid" field revealed that
all attributes of the most dangerous instability (so-called flute or diamagnetic instability) vanish in this
field; this instability was previously one of the shortcomings of a system having magnetic mirrors. Be-
cause of this it was possible to increase the duration of particle and energy retention in the plasma by
more than two orders. Thereafter several similar installations (PR-5, "Ogra-II," PR-6, PR-T7) were con-
structed at the Atomic Energy Institute. In 1968 a plasma having an ion temperature of approximately
4-107 degrees (4 keV), a concentration 10°-1 0'°, and an energy retention time of ~50 msec had already
been obtained on the PR-5 installation.

The advance toward higher concentrations took place,in the face of fairly gloomy theoretical pre-
dictions. From the theory it follows that, having eliminated the coarsest form of instability, experimentors
would encounter more refined ones — so-called "cone" instabilities — in attempting a further increase in
plasma density; such instabilities develop in mirror traps as a consequence of the nonequilibrium distri-
bution of the ions in the velocity space (this statistical nonuniformity is inherent in the very principle of
the construction of such traps). According to theoretical calculations, if the longitudinal dimension of the
region occupied by the plasma exceeds ~100 Larmor ion radii or if the transverse dimensions of the plas-
ma are considerably smaliler than the value indicated, then due to buildup of cone instabilities the plasma
must be ejected very rapidly from the trap.

However, experiments did not substantiate these fears. A plasma having a concentration of 10,
an ion temperature 1 -107 degrees (1 keV) and a retention time of 15 to 20 msec was obtained on the PR-6
installation in 1968-1969; here the retention time was determined by processes of charge exchange of fast
ions with atoms and bore no relation to any instabilities. In the experiments indicated the concentration
threshold at which one of the forms of cone instabilities should have occurred was exceeded by an order.
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Thereafter, the same installation was used to carry out investigations on the confinement of a plasma having
an initial concentration 2 -10'> and an jon temperature (1-2) -10° degrees (100-150 eV). The study of a
plasma having such a comparatively low temperature is of interest, since it simulates most completely

the state of a plasma having thermonuclear parameters. Due to the relatively low temperature the dominant
role in the plasma processes is played by Coulomb collisions between particles in this ease (i.e., by the
principal process which must determine the lifetime of the plasma in the traps in the absence of instability).

Measurements of the decay rate of this plasma showed that the initial stage of decay lasting 0.2 to
0.3 msec takes place without noticeable attributes of instability. The measurement of the velocity with
which the plasma flows out of the trap during this initial state is in agreement with the results of calcula-
tions according to the classical theory for plasma stability (in such calculations only the leakage of par-
ticles through the magnetic mirrors as a result of Coulomb collisions is considered).

In 1967-1968 the "Ogra-II" installation was used to perform experiments for the first time on stabili-
zation of various forms of plasma instabilities by means of an electric field which acts on the plasma via
a system of feedbacks. In experiments with a plasma which did not have a very high concentration this
method turned out to be very efficient. Then it was used successfully in joint experiments performed by
Soviet and English physicists on the "Phoenix" installation at the Culham laboratory. Further experiments
must clarify the problem of the possibility of using systems with feedback to suppress flute instability in
simple mirror traps at a high plasma density.

One of the basic problems in the program of experimental research carried out with mirror magnetic
traps resides in developing methods for filling traps with a dense plasma having a high ion temperature.
The most natural version is the injection of an intense stream of fast neutral atoms which may be ionized in
some way when they land in the trap. In connection with the research carried out on the "Ogra-I" and
"Ogra-II" installations several fast-atom injectors were developed and constructed. The last of them had
an equivalent current of 0.5 A at an energy of 20 keV and was designed for the LIN-5 installation which is
under construction and has small geometric dimensions (the size of the region filled with plasma is ~5
liters).

After a certain reconstruction of the "Ogra-II" installation it was used to conduct experiments for

the purpose of clarifying the possibility of storing a dense high-temperature plasma by means of so-called
"turbulent heating." This is achieved as follows: using a special injector, a broad jet of cold plasma is
.produced which propagates along the system axis. A high-voltage pulse is applied between the plasma in-
jector situated in one end of the trap and-an electrode which is situated at its opposite end; the pulse lasts
for about several microseconds. Under these conditions a longitudinal pulse current of the order of 20 kKA
develops in the plasma jet. As a consequence of the development of instability during the passage of a high- -
density current through a rarefied plasma, an intense turbulent heating of the electrons and ions takes place.
The measurements of the plasma parameters which were conducted directly after the end of the heating
phase showed that for a concentration of ~1 -10'3 the energy distribution of the ions covers a very wide in-
terval, and the average energy of the ions is ~1 -10° eV. Using the AS installation, investigations of ion-
cyclotron instabilities were carried out; such instabilities develop in a plasma having a very low density.
An analysis of these instabilities may be of essential significance in evaluating varicas projects for recu-
perating the energy of particles which depart from a plasma through magnetic mirrors. It is not excluded
that in these devices analogous instabilities may develop, as a consequence of which the efficiency of energy
recuperation will decrease abruptly.

For many years considerable attention has been devoted to an analysis of the processes of interaction
of a plasma with high-frequency electromagnetic fields. Such processes are of interest from two points of
view. First, high-frequency fields may serve as a means for suppressing various instabilities which are
inherent in a plasma which is confined in a magnetic field. In this case they are called upon to carry out an
important auxiliary function in effecting magnetic thermal insulation. Second, the use of high-frequency
fields for heating a plasma, and especially for heating the ion component in closed systems of the "Tokamak"
type or in traps having magnetic mirrors, may have very great significance. Here one should distinguish
between two fundamental versions: a) resonance heating using an external source of rf voltage; b) stochastic

heating by fluctuating rf fields which develop as a result of the decay of ordered motion in a plasma (turbu-
lent heating).

Experiments on plasma stabilization by rf fields (so-called dynamic stabilization) were carried out
for several years at the Sukhumi Physicotechnical Institute, the I. V. Kurchatov Atomic Energy Institute,
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and the Leningrad Institute of Electrophysical Equipment. The stabilization object in these experiments
was chosen to be a plasma pinch having a powerful longitudinal current. In itself this object is magneto-
hydrodynamically unstable. In a number of experiments it was shown that the principal instabilities may be
suppressed if an additional longitudinal rf current is created in the plasma pinch.

Efficient stabilization of deformations of a plasma pinch can likewise be achieved in the case in which
an rf field is generated by means of a system of four straight conductors situated parallel to the plasma
pinch. Notwithstanding these apparently encouraging results, further development of the method of dynamic
stabilization so far has not inspired great optimism. In making the transition to a dense high -temperature
plasma, stabilization may be achieved only as a result of a very great increase in the power of the rf field.

In the immediate future this is practically unobtainable. Evidently, considerably better chances for
success are offered by the use of rf fields for heating a plasma. Resonance heating of the ionic component
of a plasma by an rf field at the Larmor frequency (ion cyclotron resonance) was studied at the Khar 'kov
Physicotechnical Institute. In this work the problem of the generation and propagation of ion-cyclotron
waves in a plasma having a toroidal configuration was solved.

At the Atomic Energy Institute and the Leningrad Physicotechnical Institute several different methods
for resonance heating of a plasma by rf fields are being developed: using electron cyclotron resonance,
and so-called "hybrid" resonance. In addition, the heating of a plasma in toroidal systems at magneto-
sound resonance is being studied at the Atomic Energy Institute; for this kind of heating the wavelength of
the rf radiation is of the order of the transverse dimensions of the annular plasma turn.

In the Physics Institute, Academy of Sciences of the USSR a theoretical and experimental study is
being carried out of the nonresonance method of heating electrons, which develops when the field intensity
of the wave exceeds a certain threshold value. In the Institute of Physics Problems interesting experiments
are being carried out on the heating of plasma by radio emission in the decimeter range.

In recent years the use of turbulent heating of a plasma by the current flowing through it has acquired
an important role. This effect was detected for the first time in 1961 at the Atomic Institute in experiments
on the heating of a plasma by magnetosound waves of high amplitude. As has already been indicated ahove,
it was recently used successfully to heat the ionic component in the "Ogra-II" magnetic trap. At the Khar'-
kov Physicotechnical Institute this method was used successfully to heat the ionic component of a plasma
having a density ~10'° up to a temperature of 2 keV. It is possible that in the presence of an anomalous
resistivity the effect of turbulent heating will likewise be manifested in "Tokamak" installations, but in this
case the electronic component is heated.

We should note briefly the fact that a high-temperature state of matter having a high density has been
obtained by the formation of a "plasma focus." Here we encounter the limiting case of the utilization of
magnetic thermal insulation, in which the duration of the sojourn of fast particles in the high-temperature
zone of the plasma is very short but the density in this zone is very high. Figure 6 shows the successive
phases of motion of the plasma layer which develops during a discharge in deuterium between two coaxial
cylinders. The shock wave which develops in the plasma as a result of its rapid contraction undergoes
cumulation near the axis. Under these conditions a plasma focus is formed having a diameter of the order
of fractions of a millimeter and existing for tenths of a microsecond or a microsecond. The temperature
in it is 1 to 2 keV for a plasma density of ~10!°. The pressure of the plasma in the zone of focus lies in the
10*-10° atm range. Intense nuclear reactions occur at the plasma focus, and under these conditions the in-
tensity of the neutron radiation in deuterium may reach 10! neutrons/sec. The yield of neutrons increases
approximately in proportion to the square of the energy supplied to the discharge as that energy increases.

The mechanism by which neutron radiation develops is not as yet clear, but it may be assumed that
a considerable contribution to this radiation is made by the thermonuclear reaction in the hot zone of the
plasma. In evaluating future prospects for this method of creating a high-temperature plasma it is neces-
sary to focus attention on its principal shortcoming — the low energy efficiency of the heating process. If
an energy of 10° J is supplied to the discharge, then the reserve of thermal energy which can be concen-
trated in the hot zone does not exceed several hundred joules. For such a low efficiency a hypothetical
thermonuclear reactor based on the "plasma focus" principle could create excess energy only when condi-
tions which are unattainable from the engineering standpoint are fulfilled (for this purpose an energy of
the order of 10° J would have to be released in a time of ~1077 sec for each discharge pulse). In principle,
however, it is not excluded that methods will be found in the future which will allow the situation to be altered
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as a result of a cardinal improvement of the efficiency of the process. In this connection the idea advanced
several years ago on obtaining a dense high-temperature plasma by "quasisteady" contraction of a plasma
jet formed by means of a device similar to a coaxial plasma jet commands attention. I such a system,
which has acquired thé name of "plasma compressor," the plasma jet may theoretically be compressed
without the formation of a shock wave. In this case the range of high density and high pressure may exist
during a time interval such that the plasma configuration will not be disrupted by instability. An illustra-
tion of this process is shown schematically in Fig. 7. A conical plasma stream converges.to the axis where
it is converted into two jets. The motion of the plasma. is maintained by electrodynamic forces which are
created by the current flowing through the plasma hetween coaxial electrodes. It should be expected that
the plasma will have the maximum density and maximum temperature on the axis near the neutral point 0.
The plasma focus must be formed in this region. It may be postulated that the duration of the existence

of this focus reaches 10 usec in this system.

A completely new trend in the thermonuclear fusion research program has developed recently due
to the rapid advance of laser technology. Using lasers one may now form light pulses having a length of
the order of 107? sec (and even shorter ones) while concentrating large amounts of energy in them. By
focusing such a light pulse onto a small surface sector of matter in the condensed (solid or liguid) state
one may convert a piece of this substance into a plasma and raise its temperature to the thermonuclear
level. Under these conditions (at least, in principle) the necessity of using maghetic thermal insulation is
eliminated, since during a time of the order of 107? sec the thermal energy does not have time to depart
from the heated volume. Experiments based on this idea were begun in the P. N. Lebedev Physics Institute
several years ago, and in 1968 neutrons which had developed ina plasma heated by a laser beam were
registered for the first time. The plasma was obtained as a result of focusing laser radiation onto the sur-
face of lithium deuterides in a spot having a radius <200 . The radiation constituted a group of three-four
light pulses ~2 -107!! sec long each, which were separated by intervals of ~10~" sec. The overall energy
of a group of pulses was ~30 J, while the instantaneous power reached ~10' W/ cm?.

The maximum number of neutrons recorded in an individual experiment was ~10?, which corresponds -
to an ion temperature of the plasma equal to 1-2 keV. Rough theoretical estimates show that in the given
method of heating matter the total energy in a light pulse ~107° sec long must amount to at least 10° J for
100% efficiency of the laser device itself in order to maintain the basic conditions which are required for
a positive energy balance in thermonuclear reactions. Modern ruby and neodymium-glass lasers have an
intrinsic efficiency of the order of a tenth of a percent. Under these conditions the energy of the minimal
light pulse forming a reaction which is favorable from the energy standpoint must amount to at least several
megajoules, while the total energy released in 107 sec must reach ~10° J (for a reaction in a mixture of
deuterium and tritium). From the practical standpoint this means that the entire process (both in the laser
system and in the equipment in which the pulsed heating of matter takes place) will have the character of
a powerful explosion. From this it follows that the prospects of the laser method of generating thermo-=
nuclear reactions depends to a considerable degree on successes in developing lasers having a high ef-
ficiency.

heating of matter in pulses of very short (nanosecond) length. Here the principal hopes are based on theo—
retical predictions that for a fairly high flux density of fast electrons (electrons having an energy of the
order of several megavolts) the electron beam will convert condensed matter into a plasma. Under these
conditions the processes of electron retardation in the substance completely alter their character, and
collective interactions between the Beam and the plasma will take first priority. Such interaction denotes
buildup of intense electromagnetic oscillations in a plasma as a result of beam energy (i.e., the abrupt in-
crease in the retardation of electrons with a corresponding reduction of their mean free path in the sub-
stance). The energy which the electrons lose will under these conditions go to heat the plasma. For a
duration of electron irradiation of the substance lasting about 10~? to 107® sec magnetic thermal insulation
may turn out to be superfluous, just as it is for pulsed laser heating. The indicated method of heating may
offer chances for practical applicationif the conclusions of the theory concerning anomalously large re-
tardation of the electrons in ultradense plasma are confirmed, and a method of focusing beams with re-
duction of their diameter to ~1 mm for a current of ~10% is developed. Experiments which allow the pos -
sibility of the satisfaction of these conditions to be verified have only just begun.

A few words in conclusion. When the stated goal has not yet been reached one may evaluate progress
in large-scale scientific-engineering development only if one can compare its states at different times.
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At the time of the Third Geneva Conference we were able to obtain a plasma having an ion temperature close
to 100-150 eV in closed magnetic traps, and the lifetime of the plasma did not exceed 1 to 2 msec. In the
intervening period we have been able to elevate the ion temperature in "Tokamak" installations by a factor
of 4-5 and to increase the energy retention time in the plasma by the same factor. In open traps we were
able to create a stable plasma at a density of the order of 10°-10'° in 1965.

At present we have been able to raise the density by two orders while retaining stability. These |
are the rates of progress along traditional paths. They are not so high as to provide a feeling of great 5
satisfaction, but they are not so low as to serve as justification for pessimsm. Progress continues prac-
tically without a halt, although not as fast as we might like.

The ideas which have appeared in recent years on ultrafast heating of matter by powerful laser '
pulses and intense beams of fast electrons have evoked greatinterest. in the problem of controlled thermo-
nuclear fusion.

Evidently, in the nearest future we shall be able to judge the fruitfulness of these ideas on the basis
of extensive experimental research.
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BASIC PROBLEMS IN THE FLUORIDE METHOD OF
REPROCESSING VFAST—REACTOR FUEL ELEMENTS

.D. Verydtin, N. P. Galkin,

.A. Zuev, V. I. Lomouv,

. P. Novoselov, V. N. Prusakov,

. I. Chechetin, and Yu. D. Shishkov

<<

Soviet nuclear power development plans call for the. building of a.large number of nuclear power
generating stations in the coming-decades, and fast-reactor-power plants are prominent among them. Ex-
pected nuclear power development trends in the area of future fast reactors center around the use of UO2
combined with PuO, as fuel (approximate ratio 20% PuO, to 80% UO,).

‘ The structural material for the fuel assemblies and fuel elements will be stainless steel, accounting
for possibly 50% of the total weight of the fuel assembly [I]. As much as 10% of the fission products will

. accumulate in the fuel assembly of the fast reactor core during the reactor campaign. These characteristics
combined impose specific requirements on the radiochemical technology associated with fast reactors.

Dry methods of uranium and plutonium recovery (nonaqueous methods) are being developed in the
Soviet Union alongside improvements in aqueous techniques of spent fuel recovery. Greatest progress
has been recorded in technological investigations of the fluoride method based on separation and purifica-
tion of fuel components by utilizing the differences in the volatility of their fluoride compounds. This meth-
od offers some distinct advantages: the possibility of compact radiochemical production with intensification
of the technological process; simpler ways of achieving nuclear safety conditions; immobilization of radio-
active wastes in a solid compact form, etc.

A broad research program of the fluoride technology of nuclear fuel reprocessing has been under-
taken in the Soviet Union. In addition to physicochemical research, the program includes experiments on
"cold" and "hot" facilities with remote-control operations, development of equipment for decladding fuel
elements, fluorination of fuel, separation of fuel components, study of radioactive wastes disposal technol-
ogy, development of components for remote ~control equipment, and so forth

Dismantling Fuel Assemblies by Heat

The process of recovering nuclear fuel is necessarily preceded by treatment of the highly active
fuel assemblies, opening them up and separating the fuel from the structural materials. This requires
that at least some minimum quantity of wastes be obtained in a form suitable for long-term storage. The
practical solution of these problems in thé radiochemical industry by familiar methods runs into great
difficulties, sometimes insuperable ones.

. The solution of one of these problems is found in the development of a method employing application
of heat to open up irradiated fuel assemblies, and involves melting down the structural materials and re-
moving the fuel from them [2]. This heat application method makes it possible to treat the fuel assemblies
by remote control, either as whole units or by zones, since separate recovery of active zones and shielded
zones is advisable on occasions, and this is even more likely the case when massive parts of fuel assem-
blies containing no nuclear fuelaretobe removed. The fuel assemblies are separated quite readily by the
method used in cutting of steel tubing [3]. In induction heating of narrow segments of the outer jacket to
temperatures close to the melting points of the structural materials, the jacket may rupture, so that the

USSR State Committee on Peaceful Uses of Atomic Energy. Translated from Atomnaya Energlya,
Vol. 31, No. 4, pp. 375—383 October 1971.
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assembly is separated into zones, and the jacket is removed together with the head and the shank. In this

approach, the liquid, gaseous, and powdery wastes inevitably accompanying the other methods are elimi-
nated.

Calculations show that an irradiated fuel element from the core of a fast reactor will heat up to tem-
peratures above 800°C in air. The method of opening up the fuel assembly by heat calls for the use of this
self-heating of the assemblies, plus additional applied heating in vacuum or in an inert gas medium, till
the assemblies fail, which will occur at the melting points of the structural materials (1400-1500°C).

Physicochemical investigations and calculations related to the study of the effect of the gaseous me-
dium, the composition of the steels, the type of fuel and its physical state, the time, temperature, methods
used to heat the assemblies, and various other factors, on the process provide the theoretical groundwork
for the process of opening up fuel assemblies by heating them [2, 4]. These investigations imply that it
would be possible to open up the fuel assemblies without letting them stand for a while first, and with prac-
tically complete separation of the structural materials from the fuel accompanied by minimum losses of
the fuel. It has been found that the content of uranium (plutonium) in the steel separated from the rest of
the fuel assembly ranges from 0.01 to 0.1%, and depends on the conditions and equipment used in the pro-
cess. The process is distinguished by high productivity, with reliable nuclear safety safeguards, and eli-
mination of liquid process wastes and the dust-laden fraction, while the guantity of gaseous and solid wastes
can be minimized by the method described in [5, 6].

The heavy accumulation of fission products in irradiated nuclear fuel is accompanied by physical
and structural changes in the fuel. The effect of these changes on the process of opening up the fuel as-
semblies by application of heat is determined in the first instance by the state of the fission products in
oxide type nuclear fuel.

When the molecules of uranium dioxide and plutonium oxide break down, oxygen is liberated, and
this oxygen then oxidizes the fission products and the remaining uranium dioxide under high-temperature
conditions. All of the fission products can be separated into two distinct groups in terms of the free energy
of formation of the oxides. The first group, capable of forming oxides more firmly bound than uranium
dioxide, is made up of the rare earths, yttrium, plutonium, barium, strontium, and zirconium, all of which
will be oxidized by the oxygen liberated in the process. It has been shown thatsome of the oxides are capable
of interacting with uranium dioxide, while the oxides of zirconium and cerium form solid solutions with
uranium dioxide. The second group includes those elements which form oxides less firmly bound than
uranium dioxide (iodine, rubidium, cesium, ruthenium, palladium, niobium, technetium, and molybdenum).
The elements exhibiting low vapor pressure (molybdenum, palladium, niobium, rhodium, ruthenium) are
found in the elemental state, and interact with each other to form alloys [7, 8] in which uranium and plu-
tonium can be detected as metals [91.

The remaining free oxygen can either interact with uranium dioxide to form nonstoichiometric oxide
of composition UO, 5, or may partially oxidize the elements belonging to the second group, for which oxide
formation conditions are found to be favorable (this outcome will be favored by the appreciable mobility
of the superstoichiometric oxide present in the uranium dioxide). For example, iodine, rubidium, or cesium,
having a higher vapor pressure, will react to the high-temperature gradients by migrating toward the clad-.
ding in the range of relatively low temperatures where such chemical compounds as oxides or iodides of
the alkali metals, etc., can form. Xenon and krypton are partially retained in the uranium dioxide lattice,
but are for the most part liberated in the form of gases filling up the cavity of the fuel element. The quan-
tity of free gases present depends on the intensity of the irradiation, on the temperature, and on the pér-
centage burnup. It has been demonstrated experimentally that about 80% of the gaseous fission products
present are liberated when the burnup of plutonium dioxide is 6.1%, and reaches a figure of 95% when the
burnup of U%%0, is 10% [12].

The products of this method of breaking apart fuel assemblies by heat are the nuclear fuel, a metal
ingot, substances capable of sublimation, gases, and aerosols. The behavior of some of the elements and
their oxides in oxide fuel, at temperatures above the melting point of the steel, has been studied, as well
as the distribution of those elements in the products left over by the process.* This investigation was con-
ducted using uranium dioxide pellets into which additions simulating the fission products had been intro-
duced. The amount of such additions was determined by calculating 5, 10, and 20% plutonium burnup. The
results of the experiment were in excellent agreement with data obtained by opening up irradiated uranium
oxide fuel elements with 1.5% burnup. The impurity distribution between products of the process of opening

*The experimental data were obtained by A. T. Ageenkov, G. B. Borisov, Yu. D. Dogaev, and others.
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TABLE 1. Distribution of Elements in Products of Heat-Induced Breakup of Fuel Assem~-

blies
Elements, wt.%
Products of heat- Y, ) -2
e Ni ; <
induced breakup | U, Pu{"¢N"l co | Mn 1 e |cs, ro| Sfa l,rare ’ G PP N R O R W -
A iearth |

Fuel pellets. . . . . 99,948 0,7 0,7 0,6 | 95,0 ] 95,0 | 99,5 (99,90 99,9@ 94,95 98,99 | 95,0 | 95,0 |5—20*
Steel ingot . . .. . 0,050/ 99,2 | 99,31 89,4 | — — 0,310,05}0,05]5,00|1,00| 5,0 5,0 —
Sublimates . . ... 0,002 ) — 10,0 50| 5,0{ 0,2]0,05]0,0t|0,05;0,01 — —_ —

Vapor phase — — — — — — - — — — — — — |80—95

*Depending on percentage burnup.

up the spent fuel elements by application of heat was determined on the basis of those investigations (Table
1). '

| Nuclear Fuel. We realize from the data in Table 1 that fuel assemblies opened up by application of
heat offer high recovery yields of uranium and plutonium (99.95%) plus separation of the structural elements
from the fuel (over 99%). The chemical, physical, and structural changes taking place in the fuel under
irradiation do not exert any pronounced effect on the degree of separation. Most of the fission products, ex-
cept for krypton and xenon, remain practically entirely within the fuel.

Steel Ingot. The stainless steel contains slight quantities of uranium and plutonium (less than 0.05%),
radioactive isotopes Mn® and Co% forming when the steel is irradiated, and as much as 2% fission prod-
ucts [13]. It is mainly those elements present in the fuel intheir metallic state (rhodium, ruthenium, nio-
bium, molybdenum, etc.), as well as slight amounts of zirconium and cesium, which find their way into the
steel. This steel can be directed to long-term storage, with no additional processing.

Sublimates. In dismantling of steel assemblies by heat, a slight quantity of the fission products sub-
limates: 5.0% I and 0.2% Cs, out of the total quantity present. Most of the activity of the sublimates is due
to the presence of Mn®, the content of which increases with increasing duration of the heating process. No
increase was observed in the quantities of the other isotopes, and the uranium content did not exceed 0.002%.

Gases. Xenon and krypton present in the free state are liberated immediately after the fuel elements
fail. A portion of the gases accepted into the uranium dioxide crystal lattice remains almost entirely in the
fuel. Uranium losses with the aerosols are virtually nonexistent.

Fluorination of Spent Fuel by Gaseous Fluorine

and Halogen Fluorides

Declad fuel is directed to the recovery cycle in order to effect complete removal of fission products
and separation of the uranium and plutonium, and conversion of the uranium and plutonium fluorides to
oxides. The complete recovery cycle includes the following steps: fluorination of the fuel, sorptive puri-
fication of uraniim hexafluoride, purification by rectification, thermal decomposition of the plutonium
hexafluoride, and pyrohydrolysis of uranium fluorides and plutonium fluorides.

Purification of the fuel in fluorination is based on the differences in the vapor pressures of the fluo-
rides forming during the process, and the different reactivities of the fluorides of uranium, plutonium, and
the fission products.

Since some of the fission products (e .g., the rare earths, alkali earths, alkali metals, etc.) form
practically nonvolatile fluorides withfluorine,they can be successfully isolated from the uranium and pluto-
nium directly as the fuel is being fluorinated.

Investigations carried out on irradiated material have for the most part confirmed that possibility,
but a few discrepancies are on record. For example, there are present in the vapor phase, in addition to
the uranium hexafluoride, and elements forming volatile fluorides (ruthenium, niobium, tellurium), as well
as zirconium, to a partial extent, also cesium, strontium, cerium, and other elements the vapor pressures
of whose fluorides are well below the equilibrium vapor pressure at the fluorination temperature. The
last-named elements go over into the vapor phase in the form of aerosols and dust. For that reason cermet
filters with pore size 10-30 1, made of sintered nickel powder, were inserted in the uranium hexafluoride
stream to remove aerosols and dust at 150°C. Investigations disclosed that filters of this type are capable
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-of efficiently removing.dust and aerosols.from the uranium hexafluoride, and that the uranium hexafluoride
downstream of the fluorination and filtration steps contains only those fission products whose volatility is
close to the volatility of uranium hexafluoride. These elements are neptumum technetium, tellurium,
niobium, and ruthenium.

The study of the behavior of plutonium when uranium —plutonium fuel containing simulators of fission
products is fluorinated, showed that the presence of certain elements (cesium, strontium, barium, and
rare earths) contributes to plutonium retention in the fluorination residue, because of the formation of
strong-complexes with plutonium fluoride. At the same time, some of the fission products contribute to
sublimation of the plutonium during fluorination, by displacing the plutonium from the complexes formed,
it would appear. A definitive answer as to the quantity of plutonium present in the fluorination residues
could be obtained only from representative tests carried out on irradiated real (not simulated) fuel .

Recently,-attention has been centered on research on other fluorinating agents for spent. fuel, halogen
fluorides for instance. The heightened interest in applications of halogen fluorides as fluorinating agents
stems from the possibility of separating uranium and plutonium at the "head" of processes designed to
remove fission products from fuel, with the aid of those agents.

Inthe case of suchhalogen fluorides as chlorine monofluoride, chlorine trifluoride, bromine trifluoride ,
and bromine pentafluoride, which are used in reprocessing spent fuel, it is not only their selective re-
sponses to uranium thatare of characteristic interest, but also the lower temperature of the process and the
lesser degree of exothermicity in the fluorination reactor. The most promising fluorinating agents at this
writing are bromine pentafluoride, which is heat-stable to 460°C, and bromine trifluoride.

Investigations of the interaction between gaseous bromine pentaflueride and gaseous bromine tri-
fluoride with sintered pelletized uranium dioxide confirmed the feasibility of direct fluorination without
prior oxidation to the uranyl —uranate (mixed oxide) at higher rates than is the case with fluorine.

Investigations of fluorination of 2 mixture of uranium dioxide and plutonium dioxide corresponding
to the composition of the fuel in a fast reactor core provided confirmation of the selective sublication .
of uranium hexafluoride on the fuel mixture. As a result of fluorination at a temperature of 350°C, the
uranium goes over completely into the vapor phase in the form of uranium hexafluoride, while the plutonium'
remains in the solid precipitate in the form of plutonium tetrafluoridé.

Equipment for Fluorination of Spent Fuel

The presence of a large quantity of fission products in the irradiated fuel arriving at the fluorination
step, and the high exothermicity of the fluorination reaction of uranium dioxide (AHggg = —259 kcal/ mole)
impose strenuous requirements on the equipment needed to realize the process. The process equipment
must be capable of bringing about rapid extraction of heat from the reaction .zone, as required for carrying
out the fluorination process under controlled temperature conditions. These requirements are satisfied
by the fluidized bed process equipment being developed in the USSR.and in other countries [14-17]..

The fluorination process of uranium oxide in a fluidized bed reactor, with a bed of aluminum oxide
an uranate particles, is under investigation in the Soviet Union. The fuel feed to the process, in
the form of pellets freed from the fuel elements, is subjected to prior oxidation, and the particulates of the
uranyl —uranate forming are then fluorinated by fluorine gas. .

Various equipment combinations are being tried out for the process. Attention is being focused on the
following topics: 1) the equipment linking the oxidation and fluorination processes; 2) the stability of the
fluidized bed fluorination process and how it is affected by various process factors; 3) filtration of off-gases
containing heavy dust loads.

Three possible variants of the process of reprocessing pelletized uranium dioxide in uranium
hexafluoride are being investigated. In the first variant, the uranyl'—uranate mixed oxide is isolated in one
reactor and it is fluorinated in another. In the second variant these two processes are carried out in a {
single reactor but are separated by zones in that reactor, with the pellets oxidized in the bottom zone of
the reactor and the uranyl —uranate mixed oxide forming when those particles are oxidized being fluorinated
simultaneously in the top zone (similar to the process worked out at Argonne National Laboratory in the
USA). In the third variant the oxidation and fluorination are also carried out in the same reactor, but the
processes are separated in time: first the fuel is oxidized, and then it is fluorinated.
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Voa.hters/h At the present time, attention is being centered on the
o> T second and third variants of combining the two processes. The
7 final selection of process equipment awaits the completion of

tests on a pilot-plant test rig.

One of the key problems to be tackled is the danger that
the uranium fluorination process in the fluidized bed might
break down because of the sintering of the particles. This
question is being investigated thoroughly at the present time.
mo Some preliminary considerations on the existence of a region
|7 CFy, voL% where fluorination of uranium oxide would proceed stably can

be advanced on the basis of the results to date. These con-
siderations are based on experimental observations which bear
out the view that sintering takes place when the heat loads on
Fig.1. Stable fluidization region: Data the reaction zone are reasonably heavy.
points indicate parameters at which the
process is stable, while asterisks de-
L note parameters at which sintering is
observed. ’ : g= KCF2CU305SU3037

r Coy0y S0

The heat load on a volume element of the reaction zone
with a fluidized bed is given by the formula

where q is the amount of heat liberated, keal/h ‘m?; Kisa
constant representing the coefficient of mass transfer multiplied by the specific amount of heat liberated
per mass fluorine, m -kcal/h -kg Fy; Cr, is the fluorine concentration, kg/m CU O I8 the U304 concen-
tration in the fluidized bed, kg/m?, SU308 is the specific area of the U;04, m?/kg.

According to the condition for thermal balance,
I KCFZCUao.SUaoa ES (ZFmAT,

where K is the coefficient of heat transfer from a volume element of the fluidized bed to the reactor wall,
kecal/m? -h - °C; Fy, is the surface available for heat transfer on the reactor wall per volume element of the
fluidized bed, m?/ m?; AT is the temperature difference between a volume element of the fluidized bed Ty,
and the cold wall of the reactor Ty, °C.

Clearly, sintering in the volume element will occur whenever a certain temperature Tpax is ex~
ceeded (we assume here that this temperature remains constant for the physicochemical system in question).
The condition for maintenance of stable fluidization will assume the form: '

YCr.LUs0s511305 < Tmax - Tw'

where ¥ = K/aFy, ~ const for the specific process, and the range of stable fluidization is described by the
equation '

Tmax ~Tw_
.

CrCu,065U308 = "

which is the equation of a hyperbola in the coordinates

Cr;, — Cu;085U50s-

When the flowrate of the fluidizing agent V4 increases, a follows suit, and apparently so does Ty,5x
(this last fact meaning that sintering will begin at a higher temperature level because of the increased
kinetic energy of the fluidized-bed particles). This means in turn that, as Vg4 increases, the hyperbola will
be shifted further away from the origin of coordinates.

Accordingly, in the system of coordinates Cp,— CU3OaSU308 - Vyq the range of stable fluidization is
characterized by a surface (see Fig. 1) which forms a hyperbola in any horizontal cross section and de-
viates slightly from the vertical axis Vy, . When the process is carried out with parameters lying within
the volume bounded by this surface and by the coordinate planes, there will be no sintering of the fluidized
bed. The diagram shows some preliminary results plotted on the basis of an expemmental determination
of the coordinates of the surface.

The filtration system is one of the basic pérts of the process equipment. Investigations carried out
with cermet filters showed a relatively rapid fall in their permeability, despite regeneration by pulsed
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TABLE 2. Separation Coefficients of Bi- scavenging blows. The fall-off in the permeability of the
nary Systems Obtained at 74°C filters can necessitate frequent replacement of the filters,
TExperimen- a solution which is not acceptable when the process is de-
Microcon- | 93T SEPAT 1 o para- signed for remote control. Nevertheless, the first models
System | irwent | 2500 €1 lion coeffi- of our reactors were equipped with 40 mm diameter cermet
ficient R . . . . . .
cient filters of pore size 10 p.. We carried out investigations
UFg— Mo MoFg 1,73 12 on the design of continuous packed filters using aluminum
UF;— ZYFf‘ \;\I/F‘G 9%,%6 .59 oxide particles. These filters allow complete regeneration
Eig:l\;}}” :}),If‘; 558;3 M of filter permeability by periodically dumping the dust that

has settled on the surface layer with an insignificant por-
tion of the filter coat, and do not have to be replaced by
remote control.

Taking the above considerations into account, we carried out appropriate tests on process equip-
ment consisting of a gas distributor system, a reaction zone, ‘a cooling zone for the off-gases, and a packed
filter. This equipment was 130 mm in diameter, and was intended for experimental reprocessing of spent
oxide fuel in separate batches weighing 30 kg . ‘

High mass-transfer efficiency is achieved in the fluidized-bed reactor, with excellent conditions
favoring removal of the heat liberated as a result of the exothermic fluorination reaction. But some prob-
lems in reactor design still require more careful work (unstable operating conditions, heavy entrainment
of dust, consequent overloading of the filters, the need to perform prior oxidation of the fuel as a separate
reaction in the process). ’

Fluorination of the packed layer of sintered fuel pellets directly has some attraction because of the
simple reactor design, absence of dust carryover, and the stable behavior of the process. Investigations
of the process of fluorination of sintered pelletized uranium dioxide in a fluidized-bed reactor showed that
the principal regularities of the process are described by the kinetic equations of combustion of a carbon
bed, but that there exists a concentration-dependent limit to the fluorine content in the original fluorinating
mixture. This limit is 50% of the fluorine concentration in the original mixture. When the fluorine content
is any higher, there will be overheating of the bed of pellets and accompanying sintering, leading to a break-
down in the process. ‘

Absorption of fluorine takes place in a small zone of the bed of pellets. The height of the fluorination
zone can be calculated by using the equation : ' :
I"In £
pm
Soft

where V is the rate of filtration of the gases; Cyand C are the concentration of fluorine in the feed and at
the height x; Sy is the reaction surface; 8 is the mass -transfer coefficient.

The calculated height of the fluorination zone is 90-150 mm. A multizoned tubular type reactor de-
sign with special nuclear safety features was proposed and tested, as a tool for intensifying the process of
fluorination in the moving bed, and for improving the reactor thermodynamic conditions. The reactor fea-
tures zonal feed of the fluorinating agent, and automatically maintains a constant amount of material to be
reprocessed within the reaction zone. '

Tests on a three-zone moving-bed reactor showed that the throughp‘ut of the reactor was 28 kg UFy -
{dm? -h) when the fluorine concentration was 20 vol. % . ' :

Sorptive Purification of Uranium Hexafluoride

Extraction of fission products from fuel fluorination prodicts can be handled by passing the gas stream
through porous sorbents with a base of fluorides of alkali metals-and alkali earths.

Of the fluorides of the alkali metals, the most promising for this application are LiF and NaF, and of
the fluorides of the alkali earths the most promising are MgF,, CaFy, and BaF,. All of these sorbents, with
the sole exception of NaF, undergo virtually no interaction at all with uranium hexafluoride at low tempera-
tures, but nevertheless form complexes with the fluorides of the fission products.
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Sodium fluoride and magnesium fluoride were the principal choices for sorbents in our investigations.
Sorptive purification demonstrated a very high efficiency. The following purification factors were obtained
for the various elements: Zr% > 10°, Ru\106 > 10°, Nb% > 10°, cs!¥7 = 107, sr¥ = 108, and ce!*! = 108.

Purification of Uranium Hexafluoride by Rectification

Rectification provides an alternative method for purifying uranium hexafluoride [18, 19].

Experiments designed to study the phase equilibria. of mixtures of uranium hexafluoride and higher-
order fluorides of the heavy metals have yielded positive results. The systems investigated, UF;—SbFj,
UFg—RuF;, and others, revealed excellent mutual solubility of the components. There is no basis for as-
suming any further complications in carrying out the process of purification of uranium hexafluoride by
rectification.

Investigation of the static behavior of dilute solutions showed a rectilinear relationship between the
equilibrium components of the vapor phase and liquid phase is typical of the range of impurity concentra-
tions below 0.5 wt. %. The results obtained imply that the constant relationship persists all the way to
~10'1%.

Experimental data on the separation coefficients of the binary system UF; —MoF, UF;~WF;, UF,
—SbF;, UFg—NbF; in the range of concentrations of MoF;, WFg, SbF;,, and NbF; extending from 107! to
107% wt. % (Table 2) confirm the possibility, in principle, of carrying out intensive purification of uranium
hexafluoride and getting rid of fission products.

Investigations of the many-component system UF; —MoF; —SbF;—NbF; in the range of vanishing con-
centrations of Mo, Sb, and Nb demonstrated that the trace components exert practically no effect whatever
on each other, such as might affect their equilibrium distribution or the process of purification of uranium
hexafluoride by rectification.

The height equivalent to a theoretical stage, a parameter characterizing the kinetics of the process
of separating mixtures of fluorides witha uranium hexafluoride base, attains the following values: UF;—MoFg
2-5 cm; UFg—WF 6-10 cm; UF; —NbF; 10-15 cm; UF; —SbF; 9-13 cm.

The UF, throughput of the rectification towers is ~1 g/cm? - sec.

Practical verification of the results of the laboratory studies was achieved on pilot plane rectifica-
tion towers. Uranium hexafluoride of spectroscopic grade purity was obtained with the most varied feed
compositions. The work done with the pilot-scale rectification towers made it possible to master techni-

cally suitable approaches to their exploitation. Simultaneously, techniques for compressing the gaseous
uranium hexafluoride were successfully worked out.

Separation of Uranium and Plutonium

One of the salient topics in the fluoride technology of recovery of spent fuel elements is separation
of the uranium and plutonium. This separation can be effected by relying on the differential abilities of
these elements to form higher-order volatile fluorides with fluorine, as well as on the different reactivities
of the uranium hexafluoride and plutonium hexafluoride. Uranium dioxide becomes involved more readily
in the interaction with fluorine, to form a higher-order fluoride, than does plutonium dioxide. The resulting
uranium hexafluoride is more inert in its chemical activity than is plutonium hexafluoride, which acts as
a more vigorous fluorinating agent than fluorine in fact, under certain conditions. Since many fission prod-
ucts capable of interacting with plutonium hexafluoride are contained in the spent fuel in the irradiation
process, and lower-valency uranium compounds are also present, the plutonium hexafluoride is capable of
oxidizing the latter, and becoming reduced to a tetrafluoride in the process.

The combination of these two differences in the properties of uranium and plutonium in a fluorine
medium is what constitutes the prerequisite for separation of uranium and plutonium in the course of the
fluorination process. . ‘

Experimental verification of the feasibility of separating uranium and plutonium in fluorination by
means of a dilute inert gas (volume ratio 1:1) confirmed the points put forth earlier.

Combined sublimation of UF; and PuFg occurs in fluorination with nondilute fluorine and at higher
temperatures (500-550°C). The combined sublimation of uranium hexafluoride and plutonium hexafluoride ‘
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may be resorted to as an independent proeess for obtaining mixtures of a certain composition, to be fol -
lowed by the conversion of those mixtures into oxides suitable for the fabrication of fuel elements. The
uranium and plutonium have to be separated in the vapor phase, however, in order to obtain pure uranium
and plutonium compounds.

The thermal method of separating uranium and plutonium is based on the thermal instability of plu-
tonium hexafluoride at temperatures above 150°C. The equilibrium constant of the thermal dissociation
of plutonium hexafluoride at the temperature 600°K is 300, whereas the same constant for uranium hexa-
fluoride has value of the order of 10722, j e., the probability of UF,; decaying under such conditions is vir -
tually negligible.

Investigations of the kinetics of thermal decomposition PuF; — PuF, + F, demonstrated that the rate
of decay at temperatures 300-350°C is fully acceptable for technological purposes.

In the design of process equipment for dealing with processes involving the reprocessing, shipment,
and condensation of plutonium hexafluoride, we have to take into account the proclivity of plutonium hexa-
fluoride to decompose when bombarded by its intrinsic « -radiation, and to then interact with the walls of
the process equipment, which will have the effect of bringing about plutonium losses in the train of equip -
ment, piping, and valves.

The problem of the total plutonium balance in the fluoride fuel recovery scheme cannot be considered
as solved as of this writing. Still to be solved are the problems of how to remove the decomposition prod-
ucts and how to cope with the corrosive behavior of the plutonium hexafluoride .

Conversion of Uranium and Plutonium Fluorides to Oxides

Since the end products of the fuel recovery cycle are uraniuvm oxides and plutonium oxides, the need
arises to convert the uranium fluorides and plutonium fluorides to the respective oxides. The simplest !
and most promising method for obtaining oxides of uranium and plutonium is'the pyrohydrolytic method :
based on the interaction between the fluorides of uranium and plutonium and superheated steam. When
fluorides of higher valency are to be converted, the presence of hydrogen in the reaction sphere is man-
datory.

Depending on the sequence in which the operations in the fluoride method of fuel recovery are car- !
ried out, the resulting mixture of uranium and plutonium hexafluorides of specified ratio (say, U:Pu=4:1) !
can be directed to the pyrohydrolysis operation to obtain a U0, —PuO, mixture of specified composition.

This is the most logical and the simplest approach. The method in question has been developed in-
tensively both in the USSR and in other countries, that being the case. The principal difficulty to be faced
in the realization of this process is how to obtain a uniform homogeneous solid solution of the oxides of
uranium and plutonium.

Process Design and Equipment Layout Problems in

the Fluoride Method

At the present time, close attention is being given, in the USSR, to the development of process equip-
ment designs for the fluoride method, and to searches for the most efficient equipment configuration in
"hot™ caves. Along with the devising of the fluoride method has come the need to work out design solu-
tions for remote-controlled process equipment and instrumentation which are novel in pr1nc1p1e For ex-
ample, remote -adjustable joints were developed for assembly and dismantling of equipment in "hot" caves.
Joints utilizing low-melting materials were tried out in one of the variants to remote -adjustable joints be-
tween equipment parts.

Remote control of processes, valve operation, moving parts, and other components of equipment in
the flowsheet is found to be a more complicated problem than the water technology.

The development of the fluoride method of spent fuel recovery necessitated the application of methods
for shipping solid radioactive materials other than by water routes. In particular, the pneumatic method
of transporting powdery products, which lends itself to realization in "hot" cave work, has found widespread
application.
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Tests of the fluoride method have pointed out the need to develop special valving equipment, process
monitoring equipment and instrumentation, and special components for remote-control valving and in-
strumentation.

Several possible variants of process equipment and instrumentation configurations for the fluoride
method of spent fuel recovery have been examined, with the object of settling upon an optimum variant
which will combine reliable control of the technological process with observance of pubhc health rules
and regulations regarding work rooms frequented by personnel.

Several structural materials for the fabrication of equipment to be used in the fluoride technology
have been tested. Nickel was found to be the most acceptable such material.
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EFFICIENT UTILIZATION OF FUEL IN FAST POWER
REACTORS

A. 1. Leipunskii, V. V. Orlov,
V. B. Lytkin, M. F. Troyanov,
and L. N. Yurova

It is well known that the supply of uranium on the earth is sufficient to satisfy the energy demands
of mankind for the foreseeable future through the use of fission reactors. However, according to current
ideas only a negligible fraction of this supply can be called economically suitable for use in thermal reac-
tors. Light-water reactors (LWR), which now serve as the basis for the development of nuclear power in
most countries, consume 0.6 kg of U%? per MW (el.) per year. At present-day prices for natural uranium
Cy ~ $20/kg this leads to 0.04 cent/kWh as the uranium ore component of the cost of electric energy.
This is approximately an order of magnitude smaller than the cost of fossil fuels and makes for inexpensive |
nuclear power. ‘ i

Going over to uranium at $50-$100/kg means a significant increase in the expenditure for atomic
electric energy. ’

Thus nuclear power, introduced to solve the fuel-power problem, now finds itself facing the same ]
kind of problem. i

There are two basic approaches to the solution of the nuclear fuel problem. Some authorities pro- |
pose to invest capital in the search for new deposits, the development of inexpensive methods of extractingv :
uranium from low-grade ore, the improvement of thermal reactors, and the development of the thorium
fuel cycle. Others, including the present authors, see the cardinal solution of the fuel problem in fast
neutron reactor-multipliers. i )

In the future, when these reactors have attained a certain breeding rate, they will be capable of making
huge reserves of uranium and thorium available for the power industry, but even in the next few years the
introduction of fast reactors will permit the development of a large-scale power industry, within the limits
of the known cheap uranium resources.

From research and development work performed in several countries during the last two decades
it appears likely that the problems of fast sodium -cooled reactors, including their large-scale use in power
plants, will be solved within the next few years. Fast reactors now form the basis of promising pro-
grams for the development of nuclear power. :

The introduction of fast reactors with breeding ratios BR > 1 still does not solve the nuclear fuel
problem. To do this it is necessary that the BR be enough larger than unity to ensure secondary fuel to
reload existing reactors and to start up new ones. In other words, the natural rate of growth of a system
of fast reactors wy must be at least equal to the rate of growth of nuclear power w. In order that fast re-
actors can replace thermal reactors, so long as the supply of cheap uranium has not been used up, their
natural growth must be enough larger:

0y > w. (l)

The present article is devoted to a determination of the requirements for fast reactors arising from
the problem of conserving our uranium resources, and to an investigation of their possibilities from this
point of view. We limit ourselves to the discussion of sodium-~cooled fast reactors with ceramic fuel since

State Committee on the Use of Atomic Energy in the USSR, Ministry of Higher and Intermediate :
Special Education of the USSR. Translated from Atomnaya Energiya, Vol. 31, No. 4, pp. 383-392, October,

1971.
© 1972 Consultants Bureau, a division of Plenum Publishing Corporation, 227 West 17th Street, New York,
N. Y. 10011. All rights reserved. This article cannot be reproduced for any purpose whatsoever without
permission of the publisher. A copy of this article is available from the publisher for $15.00.
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they are the most fully developed. We consider only those measures for improving the utilization of fuel
which are being studied seriously at the present time. This practical attitude is justified by the fact that
these improvements are turning out to be adequate. '

The evaluation and optimization of reactors from the point of view of their consumption of natural
uranium in comparison with the known uranjium reserves is sometimes contrasted with the economic ap-
proach. Economic criteria permit taking complete account of the various expenditures for the production
of electrical energy and in the final analysis determine the choice of reactors. However, these consider-
ations at present uranium prices do not adequately reflect the necessity of conserving uranium resources
since they do not take into account one of the most important economic advantages of fast reactors — the
possibility of increasing power without significantly broadening the fuel base during the next decades. This
justifies our concern with natural indexes of the consumption of uranium together with economic criteria.

p. Since for optimization it is desirable, and in a rigorous formulation necessary, to have a single cri-
terion, we shall try henceforth to combine the natural and economic criteria, starting from the assumption
of limited reserves of cheap uranium.

The development of nuclear power can be arbitrarily divided into two stages. In the first stage nu-
clear power develops rapidly and occupies a modest place in the power system. In the second stage it has
become one of the main power sources and its rate of growth decreases to that of the total power demand.
We consider first the requirements for fast reactors to become the predominant power sources of the dis-
tant future.

Nuclear Power Prospects

Allowing for the levels of future power demands it must be required that fast reactors be able to
supply their own fuel, i.e., that their natural rate of growth be equal to the rate of growth of power:

Wy = .

In this case nuclear power requires uranium only as raw material for fast-reactor blankets. For a long
time, as long as enriched fuel is used, this will not require additional consumption of uranium since the
dumps of enrichment plants will be quite sufficient. The problem of natural uranium, and perhaps also

of thorium, as a raw material will arise much later and is completely solvable since it is economically ad-
missible to use very expensive uranium for this purpose. The magnitude of w(depends on the character-
istics of the reactors themselves, the fuel cycle, and the operating conditions in the power system, i.e., the
load factor ¢. In order to separate out this dependence we introduce as a characteristic of the reactor it-
self the quantity T3~8, the doubling time for ¢ =0.8. Then

2 {--0/80F/Tc) _
D= 70F 08Tl /T) (@

and the required doubling time as a function of w and ¢ is

0.8 @ (1+0.87f/Te)In 2
0814yl /) w

(3 -

Here Tg is the external fuel cycle time and T, is the core lifetime for ¢ = 1.

When the nuclear power industry becomes large -scale it will have to take on, at least in part, the
function of controlling power in power systems. Although the relatively low fuel costs and high capital ex-
penditures for atomic power plants will stimulate attempts to prevent ¢ from decreasing, we shall assume
that the load factor lies in the 0.6 to 0.8 range. ’

We list below the required values of TS'B as a function of the rate of growth of power for values of ¢
in the range indicated:

, 1/yr 7’2"8, yr
0,10 6—7
0,08 7—9
0,06 —11

Thus even present-day fast reactors with oxide fuel, which can have a doubling time T° ¥ =9yr for an ex-
ternal fuel cycle time T = 0.5 yr, ensure a rate of growth of power of ~6% per year.
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TABLE 1. Characteristics of Prospective High-Power Fast Reactors

Parameters FOR~2 FSR FOB-1 FOB-2 FCB

Thermal power, MW. . .. ............... 3750 3750 3750 3750 3750
Electric power, MW . . .. ... . ... ........,. 1500 1560 1500 1500 1500
Volumetric heat release rate, kW/liter . . . .. . 650 769 550 540 630
Method of flattening heat release . . . . .. ... ./Two enrich-|From data |{Two enrich-| Composi~ {Two enrich-
. ) ments in [6] ments tion ments

Coefficient of nonuniformity:

radiall © ... e 1,27 1,18 1,37 1,26 1,3
caxial L. 1,26 1,27 1,24 1,25 1,25
Core loading, BOMS . ot 3,45 2,50 2,03 2,85 | 2,74
Specific core loading, tons/million kW (el. ). 2,3 1,65 1,95- 1,90 1,83
Fuel element diameter,mm. . ............ 5,8 5,8 6,8 5,8—6,25 7,0
Breeding ratio. . . . ................... 0,9 1,1 1,4 1,38 - 1,55
Doubling time for a load factor of 0.8:

Te=lyr.o . oo i — — 9 9,5 7.3

Te=08yr. oo i - - 7.5 7.5 6

Higher rates of growth of power, characteristic of our country at the present time (w ~ 8% per year),
requxre 1mprovement of oxide reactors or a shift to new fuel forms such as monocarbide, which decreases
T, 385 6-8 yr. Therefore there is no doubt of the possibility of using fast reactors of the type now being de-
veloped to ensure the prospects of the development of nuclear power.

The question of higher rates of increase of nuclear power in the next decades is more real. In order
to be able to change over to the construction of fast breeders only and to cease building thermal reactors
in the foreseeable future the natural rate of increase of fast breeders w, must be somewhat larger than w.
An analysis of the development of a system of thermal converters — fast breeders shows that the time for
such a changeover is

1 rofgf
riejgg - (g —m) wg— " v (4)

~

ty &

Here rT is the specific production of plutonium in the thermal converter and gf 1s the spemflc loadmg of
plutonium in the fuel cycle of the fast breeder..

For rp ~ 0.2 kg per MW (el.) per year and g ~ 4 kg per MW (el.) nuclear power can be developed in
such an arrangement (i .e., the construction of thermal reactors can be terminated) in a foreseeable time
{to #30yr)if wg—w = 0.2,ie., wy = 10% per year, so that the required doubling times are 6-7 yr. The
formula for the doubling time in its most complete form was obtained in [1]:

s 4% NI S
s—’c(‘l-',—-(,ﬂ —‘TiL)+aab (1-}*(," '_jl‘f)’“ e Ty=—o L (1 {—(P.Trb ! In2. (3"

c @y (KB--1)—-Y (1 —¢)]

Here g—c, Ev_’ab’ and grb are respectively the average amounts of plutonium in the core, axial blanket, and

radial blanket per unit power; y is the amount of plutonium burned up per year unit power; Y is the total

amount of plutonium which can be unloaded from the reactor per year per unit power; £ is the coefficient
of recovery from conversion, taking account of losses; Ty is the average delay time of plutomum in the
radial blanket; and BR is the total breedmg ratio of the reactor

The main ways of decreasing T, are:
1) a decrease in the amount of plutonium in the fuel cycle by shortening the external cycle time;

2) a decrease in the amount of fuel in the cycle as a result of increasing the specific power of the fuel f
by flattening the heat release distribution;

3) an increase in breeding by going to new forms of fuel and improving fuel elements and assemblies;
4) an increase in the fuel burnup;

Calculations showed that those improvements in fast reactors can reduce the consumption of natural
uranium for the development of nuclear power to the level of known resources of cheap uranium.

Further saving of uranium, if required, can be made by improving thermal reaciors or by replacing
some of the LWR with fast uranium converters, particularly in the early stages.
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Fig. 1. Doubling time T, and internal breeding ratio BRC as functions of elec-
tric power of reactor for external fuel cycle times Tgof 1 and 0.5 yr (fuel UO,
—Pu0,, maximum 10° MW days/metric ton): 1) doubling time T, without flatten-
ing of heat release distribution, T¢ =1 yr; 2) T, without flattening of heat re-
lease distribution, T¢= 0.5 yr; 3) Ty with two-zone flattening of heat release
distribution, T¢ = 1 yr; 4) T, with two-zone flattening of heat release distribu-
tion, T¢ = 0.5 yr; 5) internal breeding ratio (BRC).

In the next section we analyze methods of flattening the radial heat release distribution in the core
and stabilizing it in time to increase the specific power in high-power reactors and decrease the consump-
tion of fuel.

High-Power Fast Reactors

We can expect the power levels of individual fast reactors in atomic power plants to rise to 1000-
2000 MW (el.) in the near future. This lowers the specific capital investments and improves the economics
of the fuel cycle [2].

The principal characteristics of the physics of high-power fast reactors depend upon the following
factors:

1) the increase in the infernal breeding ratio reactivity and the fact that it is close.to unity. This
simplifies the problem of compensating the change in reactivity with burnup and makes possible long con-
tinuous reactor operation without refueling (up to ~1 yr or more);

2) the necessity of flattening the profile of the heat release distribution in the reactor core. This
ensures a decrease in the relative amount of fuel in the cycle and constancy of the total breeding ratio with
increase in reactor power.

At the present time the most widely used method of flattening the heat release distribution involves
making zones of different enrichment in the reactor core. The dependence of the physical characteristics
of reactors on their power has been studied by S. T. Leskin and A. I. Novozhilov.

The results of these investigations are shown in Fig. 1. It is clear from the figure that the physical
characteristics of the reactor improve as the power increases.

For a reactor of the BN-600 type having oxide fuel and with the heat release distribution flattened by
zones of different enrichment the doubling times are 9 and 11 yr for external fuel cycle times of 0.5 and
1 yr. Nuclear power development interests require these times to be 6-8 yr.

The study of the potentialities of fast reactors requires taking account of certain technical progress
in reactor construction such as improvements in the construction of fuel assemblies and elements, im-
provements in technology, and the development of new fuel composition [2].

On the other hand, when the heat release distribution is flattened by making zones of different en-.
richments, the profile of the heat release distribution changes appreciably when the reactor is operated
at high power for long times without refueling (0.5 yr and more). During the operation of such a reactor
there is a relative increase in the heat release at the center of the core because of the spatial redistribu-
tion of the concentrations of fissionable isotopes and of the neutron flux, which in the last analysis de-
termines the duration of continuous reactor operation. Problems of the time instability of the heat release
profile have been studied with the assistance of S. B. Boborv, V. M. Murogov, A. I. Novozhilov, L. V.

1141

Declassified in Part - Sanitized Copy Approved for Release 2013/02/26 : CIA-RDP10-02196R000300090002-1




Declassified in Part - Sanitized Copy Approved for Release 2013/02/26 : CIA-RDP10-02196R000300090002-1

Kr Tochenyi, A. N. Shmelev, V.G.Ilyunin, and I. D. Rakitin, et al.

14 [3-5]. 8. M. Zaritskii, V. M. Murogov, and A. N. Shmelev de-

13 veloped a method for flattening the profile of the heat release dis-
12— - tribution in fast reactors which ensures its time stability [6] by
l'l:b PR R S § 570 making subzones with different fissionable and breeding isotopes .

Pfis. frag. Pheavy nuc." Using this method of flattening the heat release distribution

E.I.Grishanin, V. M. Murogov, V. V. Orlov,and L. V. Tochenyi
proposed a fast power reactor with a time-stable profile of the
heat release distribution (FSR — fast stable reactor).

Fig. 2. Radial coefficient of non-~
uniformity of heat release K, as
a function of the time of continuous

reactor operation: 1) flattening by Investigations performed with the assistance of V.G . Ilyunin,
two enrichments; 2) flattening by A. M. Kuz'min, V. M. Murogov, A . N. Shmelev, and Yu. V. Silaev
composition; 3) reactor with stable showed that the heat release distribution in such a reactor is flattest
heat release distribution. and changes least with reactor operation (Fig. 2). This ensures the

possibility of prolonged countinuous reactor operation without re-
fueling, and an-appreciable increase in the power density in the fuel in the fuel cycle. Figure 2 illustrates
the change in the radial coefficient of nonuniformity Ky with burnup for various flattening procedures in a
reactor operating without refueling. The behavior of the heat release distribution in a plutonium reactor
flattened by enrichment is significantly different from that in a stable reactor.

The method of flattening by composition — varying the fuel element pitch or diameter in different zones
—has other advantages in high-power fast reactors.

As a result of studies by A . I. Novozhilov, S. B. Bobrov, V. G. Ilyunin, A. M. Kuz 'min, V. N. Murogov,
Yu. V. Silaev, and A. N. Shmelev it has been established that the stability of the heat release distribution
in flattening by composition, achieved by the equality of the zonal breeding ratios, ensures a rather high
breeding rate and power density of the fuel in the cycle (Fig. 2). This method of flattening leads to more
negative values of the sodium and Doppler coefficients of reactivity which simplifies certain safety prob-
lems.

Work performed with the assistance of S. B. Bobrov and A . 1. Novozhilov showed that in flattening by ;
enrichment an optimum distribution of plutonium fuel with a different content of the higher plutonium iso-
topes (Pu?¥?, Pu?¥, Pu?®) considerably improves the time behavior of the heat release distribution and in-
creases the power density and the breeding rate.

A proper and more all-round study of various flattening methods is impossible without performing
a complex fast reactor core calculation involving thermal, hydraulic, strength, and neutron physics cal-
culations in combination. These problems were solved successfully by A. M. Kuz'min, A . A . Kashutin,
Yu. V. Silaev, L.. V. Tochenyi, V. V. Khromov, and V.A. Apse who developed a complex program for fast
reactor optimization studies [7-9]. The ROKBAR optimization program permits the complex calculation
of a sodium-cooled fast reactor core and determines compositions and reactor parameters which are op-
timum by one criterion or another: core dimensions, fuel element lattice pitch, fuel element cladding diam-
eter and thickness, coolant velocity, volume fraction of assembly walls, height of gas cavity, fuel enrich- .
ment.

Constraints are imposed on certain parameters functionally dependent on controls, for example, the
temperature of the fuel and cladding of the most highly stressed fuel element, taking account of hot spots,
stresses in the fuel element cladding and assembly walls, the average heating of the coolant taking account
of orificing.

Physical calculations are performed in the ROKBAR program by an effective few-group method with
arbitrary space and energy intervals. An optimum variant of a reactor is sought by an iteration method.
At each step of the iteration the initial problem is linearized by using the theory of small perturbations,
and the linear problem is solved by the method of successive reduction of residuals [10].

Table 1 lists the results of an optimization study of large fast reactors by S. B. Bobrov, V. G . Ilyunin,
A. M. Kuz'min, V. M. Murogov, A.I. Novozhilov, Yu. V. Silaev, and A. N. Shmelev which shows the charac-
teristics of high-power (1500 MW (el.)) fast reactors with various forms of flattening, taking account of
anticipated progress in reactor engineering: FOR-2 (fast oxide reactor), an advanced uranium oxide reac-
tor flattened by enrichment; FSR (fast stable reactor), an advanced fast reactor with a stable heat release
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TABLE 2. Reference Technological and Structural Data for Optimization Calculation

Paramieter Dioxide Monocarbide
Maximum fuel temperature,“C. . . . . ... ..o 2450 1600
Maximum cladding temperature,*C.". . . ... ... R N 725 725
Fuel density, S/CIM> . .. v vt ivm e ee e iiieieetnnnn 8,7 11
Cladding thickness,mm. . ... ..................... 0,4 0.3
Cladding material . . . ... ....... ... ... ......... Stainless steel Stainless steel
Maximum burnup, MW days/metricton .. ............. 100 000 100 000
Type of fuelelement . ... .. ... .. .............. Sealed Vented
Maximum strain of cladding . . .................. .. v, oz ' 0,002
Pressure drop in reactor,abs. alfMl. . . . oo ivev o vnn .. 12 12
Thermal conductivity of fuel, kcal/m-h-°C ........... 2,2 16

distribution; FOB-1 (fast oxide breeder), an advanced plutonium oxide reactor flattened by enrichment;
FOB-2, an advanced plutonium oxide reactor flattened by composition; FCB (fast carbide breeder), an ad-
vanced plutonium carbide reactor flattened by enrichment.

The initial téchnological and structural parameters, obtained mainly by optimization, are listed in
Table 2.

Some of the reference data taken here for the optimization calculation assume a certain amount of
technical progress, such as an appreciable improvement in the hydraulic resistance of fuel assemblies and
the construction of vented fuel elements. The moderately promising value of 10° MW days/metric ton is
used for maximum burnup. In this connection it should be noted that the recent discovery of the swelling
of irradiated steel can require further technical measures for achieving the assumed burnup.

Consumption of Natural Uranium

We assume that the development of nuclear power is described by the expression

N ()= (ot —1)+ N (), (5)

where N{t) is the power level at time t; A is a constant equal to 2.38 in the present case; w is the specified
asymptotic rate of increase of power equal to 0.08 in the present case; and N(0) is the initial power level
equal to 2 in the present case. The time interval considered is 30 yr. - Calculations of the consumption of
uranium have been made with the help of L. S. Anufrienko.

Figure 3 shows the variations in the consumption of natural uranium over the next 30 yr obtained
by using combinations of uranium and plutonium reactors with different characteristics.

Curve 1 gives the consumption of uranium for uranium and plutonium reactors (FOB + FOR) with
"contemporary " characteristics; curve 2 refers to fast reactors with stable heat release distributions
(FSR); curve 3 shows how markedly the consumption of uranium can be reduced by using a monocarbide
breeder with promising characteristics (FCB). In all three variations the load factor is taken as 0.8 and
the concentration of U®® in depleted uranium as xg = 0.25%. The external cycle time is constant and equal
to 1 yr. If the external fuel cycle were shortened to 0.5 yr, which is a technical possibility, the consump-

" tion of uranium could be decreased by another 25-35%.

The variations considered above are largely of theoretical interest for the analyses of fast reactor
possibilities. Actually nuclear power development begins with thermal reactors since they have beenworked
on the most and form the basis of the nuclear power industry in all countries. It is well known that the
development of nuclear power using thermal reactors with circulating plutonium would require appreciably
more natural uranium thanthe development of power with fast plutonium reactors, since plutonium is used
inefficiently in thermal reactors. This difference must increase with increasing length of the time interval
considered. This effect will show up strongly in the next 30 yr.

Figure 4 shows curves of the total consumption of natural uranium for three variations of the de-
velopment of nuclear power according to Eq. (5). The numbers are shown for illustrative purposes only.

The thermal reactors taken are two variations of light-water reactors: contemporary LWR-1 and
prospective LWR-2; their characteristics, given in Table 3, correspond approximately to data in {11]. It
is assumed that for all atomic power plants the load factor is 0.8 for the first 10 yr and 0.7 for the next
20 yr.

1143

Declassified in Part - Sanitized Copy Approved for Release 2013/02/26 : CIA-RDP10-02196R000300090002-1



Declassified in Part - Sanitized Copy Appro‘ved for Release 2013/02/26 : CIA-RDP10-02196R000300090002-1

400

300 - - /

150

—
<
<

200 ' :
/ il
130 7

/ |

7

L)
=
X
N

Consumption of natural uranium,
thousands of metric tons
!

Consumption of natural uranium, thousands of metric tons

0 0
1970 1980 1990 2000 1970 1980 1990 2000
Year Year

Fig. 3 ’ _ Fig. 4
Fig. 3. Total consumption of natural uranium as a function of fast reactor characteristics:
1) FOR + FOB; 2) FSR; 3) FOR + FCB..

Fig. 4. Total consumption of natural uranium for various combinations of reactors: 1) LWR-
1 + LWR-2; 2) LWR-1 + LWR-2 + FOB + FCB; 23) LWR-1 + LWR-2 + FOB + FCB (Tg=0.5yr);
3) LWR-1 + FOR + FOR-2 + FOB + FCB; 3a) LWR-1 + FOR + FOR-2 + FOB + FCB (Tt = 0.5 yr).

If there are fast reactors in the system the load factor after the first 10 yr is decreased only for
atomic power plants with thermal reactors; fast reactors operate with a load factor ¢ = 0.8 at all times;
depending on the number of thermal reactors ¢ for them is decreased by such an amount that the overall
average load factor is ~0.7. Unless specifically stated, the external fuel cycle time is taken as 1 yr.

We consider the following variations (Fig. 4). |

1. Light-water reactors LWR-1 for the first 10 yr plus light-water reactors LWR-2 for the next
20 yr; the plutonium produced is used in these same reactors; the effect of using plutonium is taken into !
account by decreasing the total consumption of uranium by 20%.

2. Light-water reactors LWR-1 for the first 10 yr plus light-water reactors LWR-2 for the next 20
yr together with fast plutonium reactors; fast plutonium reactors with oxide fuel (FOB) begin to be intro-
duced after the first 10 yr, and 5 yr after that fast plutonium reactors with carbide fuel (FCB) instead.

2a. As in variation 2 but with an external fuel cycle time Tg=05yr.

3. Light-water reactors LWR-1 are built for the first 10 yr and then instead of them fast uranium
reactors (FOR) are built together with fast breeder reactors (FOB) as needed; 15 yr after the beginning of
the development of power, carbide breeders (FCB) are built instead of oxide breeders (FOB), and improved
FOR-2 reactors as required instead of FOR.

3a. As in variation 3 but with the external fuel cycle time reduced from 1-to 0.5 yr after 1985.

Calculations show that there is a somewhat smaller total consumption of uranium in the variations
involving thermal reactors than in the other variations only for approximately the first 17 yr, but toward
the end of the second decade all the consumption curves intersect and after this the consumption of uranium y
becomes larger in the variations with only thermal reactors than in the other variations, and this difference
increases rapidly with time.

Toward the end of the third decade the_ consumption of uranium in the variations with fast reactors is
33-62% less than in the "all thermal " variation 1.

The variations which consume the least uranium are the ones in which during (he first 10 yr fast
uranium reactors instead of thermal uranium reactors are constructed as needed to supplement fast
breeders.
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TABLE 3. Characteristics of Thermal Re- The use of fast uranium reactors ensures the

actors smallest consumption of uranium not only for 30 yr but
! also during the subsequent period. We have in mind the
Parameter LWR-1 | LWR=2 . . - . :
consumption of uranium for makeup in atomic power plants
with uranium reactors started up after the end of the 30
Loading, metric tons of natural _ yr period considered. This consumption will be somewhat
uranium/million kKW (el.). ... | 650 400 . .
Consumption for makeup larger for variation 1 with only thermal reactors than
(#=0.8), metric tons of nat- N for variations 3 and 3a where there are few thermal re-
' uraluranium/million kW(el.)year| 160 120 ; )
Plutonium production (¢ =0.8), actors, and besides after the year 2000 there is the pos-
;nrﬁﬂforzoﬁ;,o(fdﬁ;;ls:rable Pu 0.200] 0,200 sibility of using surplus plutonium from fast reactors

for makeup.

As has already been noted, the maximum burnup values assumed here for prospective fast reactors
are moderate and are already attainable with oxide fuel.

An increase in burnup thus remains as a possible reserve for a future increase in the efficiency of
the fuel cycle. We do not consider here the possibility of a further improvement in characteristics by
using metallic fuel since there are not sufficient experimental data on its permissible temperature, density,
alloying, burnup, etc.

As regards the effect of the nuclear power development scale on our calculation of the natural uranium
requirements, we can presume that, within certain limits, the final total figures will be proportional to the
power level at the end of the period considered.

The effect of inaccuracies in nuclear data on calculations of fast reactor characteristics and the con-
sumption of natural uranium remains to be discussed. The present calculations of physical characteristics
of reactors were based on a 26 group set of constants BNAB [12] revised in 1969 to conform with the most
recent experimental data on Pu®? U%% and U5 [13-15].

Correcting the cross sections increased the specific loading by about 6% and decreased the breeding
ratio for the types of fast reactors considered by 0.05. The reactor characteristics listed in Table 1 have
- taken these changes into account.

it was estimated in [16] that such characteristics of a large fast reactor as the breeding ratio can be
calculated to 0.1, and the critical mass to £8%. This is explained by the uncertainty of the nuclear data.
If reactor characteristics are calculated by using pessimistic estimates, i.e., a decrease in the breeding
ratio of 0.1 and an increase in core loading by 8%, the 30 yr consumption of uranium in a system with ther-
mal and fast reactors is increased by no-more than 8-15% over the figures given in Fig. 4.

Economic Criteria of the Efficiency of Utilization

of Nuclear Fuel

As was noted above, the economic criteria should take account of the fact that the supply of cheap
natural uranium is limited and that its price will increase with time. Reactor characteristics are affected
by the rate of consumption of uranium and variations in its price, and these react on the economic indexes
of reactors.

In determining variations in uranium prices we shall not take into account the inevitable "normal™"
technological progress leading to a decrease in expenses since in optimizations and comparlsons it is not
the absolute but the more stable relative magnitudes which are important.

If G(t)dt is the consumption of natural uranium in time dt and g(C) is the uranium supply, the ex-
penditure for which does not exceed $C/kg, C(t) can be obtained from the expression

t

£ [C ()] = S G (1) dt. ' (6)

i}

In estimating the economic efficiency we start from the present value of the total expenditures for natural
uranium:

8

z={ dte-mG (1) C (v), (7

(=L

where p is the discount rate.
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_ By varying Eqgs. (6) and (7) it is found that for a change 8G(t) in the consumption of uranium the change
in total expenditure is

5z = OSO dte-vt8G (1) C (1), v (8)
0
where
C(t)y= C () -+ °§ dt'e~P (V=1 i‘fi—f- . (9)
:
The quantity
City= emé—g% (10) -

should be taken as the price of uranium under conditions of limited resources. It takes account of the ex-
penditure at time t for a kilogram of uranium and for the increase in expenditure in the future for the con-
sumption of a supplementary kilogram of uranium. Similarly the price of plutonium is

oo

~ 8 , - . 0G
Coult) = ep'anu'ZW - S d'e=r =0 C (1) g~ ayC (1), (11)
i .

where a is the relative efficiency of Pu®? and U®% jn the reactor; v = (1 —x,/x)/ (0.0071 —x¢) ~ 200; x

is the concentration of U®% in depleted uranium; and x is the concentration of U?® in enriched uranium.

Here 0Z represents the saving in expenditures for uranium by introducing an additional kilogram of pluto-
nium at time t. The quantities 6Z and aPu’ of course, depend on how the plutonium is used, e.g., in ther-
mal or in fast reactors, and therefore can be uniquely determined only for a specific system. We emphasize
that Cpy (t) determines only one component of the price of plutonium, related to the consumption of natural
uranium.

The discounted expenditure for natural uranium for a reactor of the i-th type is i
7 = e é—“\z— —ylgC )+ S At e =0C (') — 1y S dt'e - =0Cp, (£, (12)
t t

where g; (kg/ MW), q; kg/MW/ yr), and ri(kg/ MW/ yr) are the specific consumptions of fuel ({U™? or Pu®?)
for loading, makeup of reactor, and production of surplus plutonium respectively, and 6Nj is the increase
in power. With limited resources the cost of generating electric power increases with time simultaneously
with the price of uranium. A similar analysis shows that the uranium component of the cost of 1 kWh has
the form

S == (1)5—%) vg -+ quy— rCpu, _ (13)

which when integrated leads to the total discounted expenditure (12).

Expenditures calculated in this way take into account the change in the price of uranium as a conse-
quence of limited resources, and in this sense combine economic and natural criteria. Taking account of
the increase in price leads to an increase in the absolute magnitude ofthe expenditures and to a relative de-
crease in the role of the initial loadings.

The formulas obtained indicate an increase in the economy of thermal reacfors with the start-up of
fast reactors because of the increase in the price of plutonium and also because of the feasibility of shifting .
their construction and operating conditions toward an optimum production of plutonium .

Let us make a crude quantitative estimate of the changes in the economic indexes of reactors as a
result of taking account of limited uranium resources. )

In the version of the developmen't of nuclear power on a global scale with only light-water reactors,
the expenditures for natural uranium increase in 30 yr from C = 20to C = $60/kg, so that on the average
dC/dt ~ $1.3/kg -yr.
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At present-day prices thé discounted expenditure for uranium in LWR reactors is ~$30/kW for p
=6%/yr,and by Egs. (7) and (4) it is ~$80/kW. For the development of power with LWR and fast reactors
for p = 10%/ yr these figures are 20 and $40/kW, respectively.

Expenditures for fuel for fast reactors turn out to be smaller (within the limits +$10/kW) and more
weakly dependent on the price of uranium. Expenditures calculated by using Egs. (9), (12), and (13), to-
gether with expenditures for enrichment, construction, chemical reprocessing of fuel elements, etc., can
serve as criteria of economic efficiency in the optimization of reactors under conditions of limited uranium
resources. .
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PROPERTIES OF CARBIDE NITRIDE PHOSPHIDE
AND OTHER FUEL COMPOSITIONS AND THEIR.
BEHAVIOR UNDER IRRADIATI.ON

. Men'shikova, F. G. Reshetnikov,

S
.- S. Mukhin, G. A. Rymashevskii,
G. Lebedev, and A. L. Epshtein

=<

A great deal of attention is now being paid to the study of carbide fuel for nuclear reactors; this is
superior to oxide fuel in respect of a number of properties (higher thermal conductivity, greater density
with respect to the fissile element, etc.). The use of a carbide fuel may considerably improve such an

" important characteristic of fast reactors as the doubling time, thus having a favorable effect on the eco-
nomics of the fuel cycle. From this point of view, uranium and plutonium phosphides and nitrides are also
interesting compositions.

Experience in the use of the BR-5 reactor, incorporating a carbide zone, in the USSR has confirmed
the very real possibility of using carbide fuel in fast reactors. Other recent investigations [1] have shown,
however, that carbide fuel also has a number of shortcomings: at high temperatures (1500°C) it swells more
than oxide fuel and carburizes the can. Thus in order to realize the advantages of carbide fuel it is es-
sential to develop a corresponding construction of the fuel element. In order to reducé the temperature
of the core, for example, it is desirable to use an underlayer with a high thermal conductivity such as
sodium in the fuel-can gap. However, the use of sodium worsens compatibility with the can, since sodium
carries excess carbon and carburizes the can surface. There are nevertheless certain ways of eliminating
or at least greatly reducing the carbiding of the can. These include: 1) producing carbides of very nearly
stoichiometric composition; 2) alloying the carbides with elements which easily form compounds with car-
bon; 3) depositing protective coatings on the core, or protecting the can from carbiding in some other man- -
ner. Many investigations have been devoted to an examination of the relative merits of these methods un -
der irradiation.

A fair number of investigations [1-8] have also been concerned with the physicomechanical, radia-
tion, thermodynamic, and other properties of refractory uranium and plutonium compounds. However,
further work still has to be done on the optimum methods of preparing refractory uranium and plutonium
compounds and studying their properties, as well as problems of swelling, compatibility, and gas evolu-
tion under conditions of reactor irradiation. The present contribution is devoted to problems of this kind.

Production of Refractory Uranium and Plutonium Compounds

Refractory (oxygen-free) compounds of uranium and plutonium may be produced in various ways.
Carbides of these metals, in particular, are mainly obtained by the reaction of the oxides with carbon. A
second possible method is the gas carbiding of the corresponding metals. Despite the fact that the metals

. are more expensive than the oxides, the latter method has a number of advantages. The low temperatures
of the processes, the simplicity of the apparatus, and the possibility of mechanizing and automating the
production of the fuel-element cores make this method attractive and worth further consideration. We
therefore considered it desirable to make a further study of various methods of producing uranium mono-
carbide and mononitride by carbiding or nitriding fine uranium powder or its hydride with propane or ni-
trogen, respectively.

State Committee for the Use of Atomic Energy of the USSR. Translated from Atomhaya ﬁnergiya,
Vol. 31, No. 4, pp. 393-402, October, 1971.

© 1972 Consultants Bureau, a division of Plenum Publishing Corporation, 227 West 17th Street, New York,
N. Y. 10011. All rights reserved. This article cannot be reproduced for any purpose whatsoever without
permission of the publisher. A copy of this article is available from the publisher for $15.00.
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Fig. 1. Microstructure of moldings made by gas carbiding: a) Uranium ‘
carbide; b) uranium nitride (x200).

Investigations showed that, by varying the temperature and velocity of carbiding, uranjum carbides
of any specified composition might be obtained, from the hypostoichiometric monocarbide to the dicarbide.
This method is capable of yielding stoichiometric uranium monocarbide on the large scale in the form of a
powder with a 2-6 ¢ particle size and a lattice constant of @ = 4.961 A. The oxygen content is no greater
than 0.05%.

Uranium mononitride was obtained by the interaction of fine uranium or uranium hydride powders

with nitrogen at 450-700°C, with subsequent decomposition of the sesquinitride so formed in vacuo at 900-

950°C so as to obtain the mononitride. The resultant mononitride contained 5.4-5.5% nitrogen; the lattice

constant was 4.889 10\; the particle size averaged 15-30 ¢. In making cores from the mononitride, sintering

was carried out in a nitrogen atmosphere at 1800-2000°C. Uranium sesquinitride may be produced as a ‘

continuous process.
\
\

Plutonium monocarbide was prepared by the hydrogenation of metallic plutonium and its subsequent
carbiding with carbon at 400-800°C. A solid solution of uranium monocarbide in plutonium monocarbide
was obtained by mixing the original powders and then sintering at 1200-1600°C. The high surface activity
of the resultant powders enabled us to simplify and automate the preparation of fuel -element cores in the
form of moldings of various shapes with a high and controllable density (93-96% of theoretical) using an
automatic molding system or multiple -position molds. The cores were prepared by mixing the original
powders with 1% of a 1.5% solution of paraffin or oleic acid in ligroin and pressing at 1.5-2 tons/cm?, fol -
lowed by vacuum sintering at 1600-1800°C for 3-4 h. The resultant moldings had a density of 93-95% of
theoretical and a mean grain size of 30-50 p, with equiaxed crystals. In preparing the cores for the ex-
perimental fuel elements BOR-60 and SM-2 the amount of oxygen in the monocarbides and mononitride cores
was respectively 0.02-0.05 and 0.1%. The characteristic microstructures of the compounds are shown in 1
Fig.la and b. The uranium and plutonium sulfides and phosphides are obtained by the same method, carbon
being replaced by hydrogen sulfide and phosphine respectively.

In order to obtain uranium and plutonium nitrides and carbides and produce cores from these, a
special apparatus was developed;this compriseseight metal chambers in series, with additional equipment
{electric furnaces to produce the original compounds, presses, vacuum-compression electric furnaces for
sintering, balances, control desks, etc.). The general appearance of this installation is shown in Fig. 2.

Properties of Uranium Carbide, Nitride, Sulfide, i
and Phosphide

Mechanical and Thermophysical Properties. In order to refine the scattered and sometimes contra-
dictory published data, we studied the properties in question, i.e., the thermal conductivity A, the electrical
resistivity p, the specific heat Cp, and the vapor pressure Pyj of uranium (in general up to 2000°C), to-
gether with the compressive strength oy, the hardness H,,, the elastic modulus E, and the linear expansion
coefficient @ of UC, UN, U—-C—N, US, and UP. :

The samples were prepared metalloceramically and their porosity equalled 5-10% (the values given
for A, p, E, Cp correspond to the nonporous state); the proportion of nonmetallic components was almost
stoichiometric (the structure of UP and US contained 2-5 wt. % of oxide inclusions).

The strength and other properties were measured in vacuum; the hardness was determined from the
impression of a sapphire indentor with a load of 2 kg; the elastic modulus was determined by a resonance
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Fig. 2. General view of the apparatus for producing uranium car-
bides and nitrides.

method in samples with a ratio of [/d =10. The vapor pressure was studied by an integrated version of the
Knudsen method. The thermal conductivity at 20-1000°C was calculated from measurements of the spec-
ific heat and thermal diffusivity; for higher temperatures it was measured by the radial thermal-flow meth-

od (p being determined at the same time). The thermal expansion was studied in an induction quartz di-
latometer.

The error in the determination of A and Py was no greater than 15%, in the elastic modulus 5%, and
in the thermal expansion 3%.

Figures 3-5 show the temperature dependence of oy, E, HV,T3U, A, p, Cp for uranium carbide, nitride,
sulfide, and phosphide, and Fig. 6 shows the concentration dependence of the properties in the UC -UN sys-
tem. Comparison of the temperature dependence of Op, Hy, E and also the deformation (Fig. 3) shows that
the sulfide, and particularly the phosphide, are much more ductile than the carbides and nitrides. This
appears both in the absence of any rise in strength with temperature, such as is characteristic of brittle
phases, and also in the substantial deformation at T > 1000°C. Cracks around the hardness-measuring im -
pressions failed to appear in the phosphide samples even at room temperature (in the other compounds the
temperature at which the cracks vanished lay at 1000-1200°C). We notice the fairly low elastic modulus
of uranium phosphide, which, combined with the "ductility" noted earlier, gives a heat resistance greater
than that of uranium carbide and nitride. Our own determinations of 0y, E,H, are in fair agreement with
published values [9-11].

The lowest uranium vapor pressure among all the compounds studied occurs in the case of the car-
bide and the highest in the case of the phosphide (Fig. 4). Expressions for the temperature dependence of the
vapor pressure (mm Hg) take the form

. 4
1gPU=7.56—38‘;,10 , 7=2170— 2470°K,
U (Cop 99N0.005C0.005)s
gPy=8.43— 21010 71550 2300°K,
U (No.9800.01Co.01)
104
]gP0=9.75—-%'——84T—i, T=1940—2530°K, US, *
2 94.104
IgPy=1134— 2310 1990 2230°K, UP. *

The phosphide and sulfide are characterized by congruent evaporation; the uranium vapor pressure
depends considerably on deviations from stoichiometrical composition. As regards uranium carbide, this
relationship was discussed in an earlier paper [6] on the basis of experimental data {6, 12] and statistical

*The chemical composition of the sulfide and phosphide (wt. %) are: US —11.8 S; 0.05 N; 0.1 C; 0.25 (U0,
+UOS); 0.1 W; UP -11.7P; 0.03 C; 0.7 O.
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Fig. 3. Effect of temperature on o, Hy, E, and the deformation of uranium carbide
(®), nitride (O), sulfide (O), and phosphide (M). The arrows indicate the tempera-
ture at which cracks vanish around the impressions during the hardness tests.

Fig. 4. Vapor pressure of uranium for uranium carbide, nitride, sulfide, and phos-
phide. Notation as in Fig. 3.

thermodynamics. The vapor pressure falls with increasing degree of completion of the nonmetallic lattice,
allowing for the presence of all interstitial elements.

Our own data for uranium nitride are much lower (1-1.5 orders of magnitude) than the earlier results

[6, 13] obtained on hypostoichiometric samples. The results of mass-spectrometric analysis of the ura-
nium mono-compounds [12, 14-16] agree closely with our own. The electrical resistance, thermal con-
ductivity , and specific heat rise with increasing temperature (Fig. 5); for uranium phosphide there is an

~ anomalous change in p below 500°C and a nonmonotonic variation in A and Cp in the neighborhood of 700°C.
These anomalies also appeared earlier {3] for a case in which A and Cp were measured up to 700°C. It is
also a characteristic feature that in this range of temperatures there is a nonmonotonic variation in the
coefficient of linear expansion, although the thermo-emf remains constant (~+50 uV/°C) at T = 20-1100°C.
Judging from these data, uranium phosphide undergoes a transformation of the second kind at T =~ 700°C;
the nature of this transformation requires further attention.

The electrical resistivity of the phosphide, nitride, and sulfide are higher than that of the carbide;
this is associated with the fact that the first three compounds undergo magnetic transformations at low
temperatures [17]. Judging from the value of the Hall constants (Ryp = +55 107, Ry = +1.4 107! cm®
/C), and also the thermo-emf coefficient, these compounds possess hole -type conductivity and may be re-
garded as semimetallic. The level of thermal conductivity in these materials in fairly high.

For the uranium carbonitrides, which form a continuous series of solid solutions, the properties vary
quite smoothly with concentration (Fig. 6); the uranium vapor falls on passing from the nitride to the car-
bide [6]; the melting diagram [18] indicates a maximum close to the composition UCgy3Ng.q (T ~2900°C).

Compatibility of Uranium and Plutonium Compounds with the Can Material. A study of the com-
patability of refractory uranium and plutonium compounds with the can, both in direct contact and also
through a helium and sodium interlayer, was carried out both before introducing the materials into the reac-
tor and also under reactor conditions. Microstructural, x-ray structural, and chemical analyses were
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Fig. 5. Temperature dependence of A, p, Cp» @ for uranium carblde nitride, sulfide,
and phosphide. Notation as in Fig. 3.

Fig. 6. Concentration dependence of E, @yg—g, A, p in the U=C—N ‘system.

employed for this purpose, and the mechanical properties of the cans were also measured. The test meth-
od was set out earlier {19]. The conditions and results of the tests are presented in Table 1.

We see from Table 1 that the carbide of stoichiometric composition does not interact with the can
at 800°C through either a helium or a sodium interlayer. The carbide of hyperstoichiometric composition
exhibits no interaction in the case of a helium gap, but in the case of a sodium gap carburization of the can
occurs. Thus after 4500 h at 800°C an interaction zone of ~100 u is created. The amount of carbon in the
steel can rise to 0.77 wt. %, reducing the ductility by 70%. The characteristic structure of the zone of
interaction is depicted in Fig. 7.

In studying the compatibility in direct contact, the most reactive of the compounds studied was natu-
rally uranium carbide. In this case we observed both diffusive penetration of the uranium to a considerable
depth and also the separation of carbide inclusions. For the nitride and phosphide there is a very weak
interaction at 1000°C, but at 1100°C aliquidphase forms over a very short period in the phosphide.

The behavior of the equimolar uranium carbonitride is analogous to that of the nitride, evidently
because of a substantial fall in the activity of the carbon.

An improvement in the compatibility of the carbides of hyperstoichiometric composition may also
be achieved by alloying with chromium or zirconium, an increase in the chromium content of the carbide
from 5 to 9 wt. % having a favorable effect on the compatibilily in the presence of a sodium interlayer. The
positive effect of alloying with zirconium was verified for direct contact; there was no interaction at 800°C
over a period of 5000 h or at 1000°C for 1000 h.

The interaction of the carbides of hyperstomhmmetmcal composition w1th the steel may also be pre- !
vented by creating diffusion barriers.

Expemments showed that the use of barriers 20-50 p thick consisting of copper, chromium, or nio-
bium, or indeed ZrC or TiC, almost entirely prevented the transfer of carbon to the can through the sodium
and eliminated interaction in direct contact at 800 or even 1000°C for 1000 h. This period by no means
-constituted the limiting service period for carbide barriers, the life of which (estimated approximately)
sometimes extended to an order of magnitude longer.

The mixed uranium plutonium carbide containing up to 5 vol. % of the sesqui-phase showed a better
compatibility through sodium than uranium carbide with an excess dicarbide content. The sesqui-phase was
evidently less inclined to give up carbon than the dicarbide. This has been mentioned elsewhere [20].

1152 l

Declassified in Part - Sanitized Copy Approved for Release 2013/02/26 : CIA-RDP10-02196R000300090002-1 1




Declassified in Part - Sanitized Copy Approved for Release 2013/02/26 : CIA-RDP10-02196R000300090002-1

TABLE 1. Compatibility of the High-Temperature Compounds of Uranium and Plutonium with a
Stainless Steel 0Kh16N15M3B Can before Irradiation :

Test conditions Results of tests
tem= amount of depth of penetration, ¢ tchange in the mech-
Composition o pera- |time, . . . ¢
P medium ture, |h C in the carbon wranium anical properties o
°C steel, wt.% the steel
‘ Uranium carbide (4.8 wt.%o
| L Sodium 800 | 2500 0,06 Not observed - No change
| The same, . . ....... . |Helium 800 | 2000 0,06 |The same — The same
Uranium carbide (5.1 wt.J 500 | 2000 0.06 — W . :
» Tl(l;g'sér'rlé' U S same 800 | 4560 0,77 100 _— |¥fell by70%
| . m e, Direct contact 800 | 2500 !Not deter= — 200250 |8, ¢ fell by 30-40%
mined Op, G,z Tose by 30-
40%
Uranium nitride .
UNg,02C0.0000.020 « + + + = » The same 800 | 2500 |The same |Not determined 5 No change -
The SAME. « o s v v v o v v w oW 1000 | 2000 o n The same 10 The same
Uranium phosphide UPy o . o
(5 wt.% %2) .p ...... (3 L.y o 800 | 500 » = L 10 v Gly» Tz r0SE by 10~
: 20%
¥, 6 fell by 10=-20%
Thesame, ,,......... n on 000 | 1000 w =« w . 15 G, o(;}"z rose by 10-

20% :
¥, 8 fell by 10-20%

Uranium phosphide UPy g » —

(6 wt.% UOg)e v vvevens no" 1100 2 "~ Formation of a No change
liquid phase
Uranium carbonitride

UCq.55No5100,02 + « v« = - « LI 800 | 2500 ~ ¢ Not observed 5 The same
Thesame............ LA 1000 | 2000 | o = The same 10 LI
Uranium carbide alloyed ) o

with chromium (5 wt.%). . |Sodium 800 | 2500 0,1 w o om _ ¥ fell by 10%

Uranium carbide alloyed
with chromium (9 wt.%) | The same 800 | 4000. 08 LI _ No change

Uranium carbide alloyed
with zirconium

Ug.8Z10,7Cq,98 « « » « « =« - Direct contact | 800 | 5000 | Not deter- | = Not deter- | The same
The same............ The same 1000 | 1000 | The same | = = The same ‘| 7"

Uranium carbide coated |
with chromium (5.1 wt.% :
0 T Sodium 800 | 4000 0,12 n o LI L

)
Uranium carbide coated Not deter=~
withZrC . .. v v v v n s Direct contact | 800 | 2500 | mined n o on LI n w
The same, . . . oo v v o The same 1000 | 1000 | The same LI ] now o noon

Mixed uranium and pluto-
nium carbide (U gPug ) C
(5 vol. %) (UPu),Cs) . . . . |Sodium 800 | 2500 0,14 10 n . ¥ fell by 10-20%

We also studied the compatibility of a number of uranium and plutonium compounds with the can under
reactor conditions. The results are presented in Table 2. We see from Table 2 that the extent of the layer
of interaction varies and depends on the composition of the fuel, the test temperature, and the medium be-
tween the fuel and the can. We found that alloying a carbide of hypostoichiometric composition with iron
failed to prevent interaction. However, whereas the hypostoichiometric carbide interacts with steel so as
to form intermetallic compounds of great hardness, the carbide alloyed with iron only slightly carburizes
the can; this is apparently associated with the fact that the carbon released in fission is not combined into
a strong carbide at low temperatures.

.

As in the case of the test carried out before introduction into the reactor, the interaction of the hyper-
stoichiometric carbide with the can under reactor conditions is far more vigorous than that of the stoi-
chiometric material. Under irradiation uranium carbide and carbonitride interact to roughly the same ex-
tent with the can. The layer of interaction has a high degree of hardness, and when the can is strained by
~1% microcracks start forming (Fig. 7b). Sodium is a carbon carrier and accelerates the interaction.

The structure of the can changes throughout its whole thickness (400 ) although the microhardness
changes only slightly and the can has a great reserve of ductility.
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TABLE 2. Results of the Interaction of Carbide Fuel with a Kh16N15M3B Steel Can.after
Irradiation: in the BR-5 and SM-2 Reactors

Conditions of the tests N 'f Microl;q.’rd-
temperature, ° C| epth of. | ness of in- ; in-
Composition medium P - — burn-up, %, [penetra- | teraction Charaf:ter of the in
’ . aver- | maxi-~ . X layer, kg teraction
in gap (time,h) |tion, { )
B age mum / /mm’

Uranium, carbide (4.7 wt.% [Helium 570 660 4,5 250 1300 'Formanon of-the

C ' (6,500) % uid phase
Uranium carbide alloyed Thesame; 435 520 3,8 70 300—500 |Carburization

with lron (4.4 wt.% C; (6 500)

2.4 wt.%Fe g
Uranium carbide®(5.0-5.4 noom 500-| 570 4,4 .40 300--500- |The same

wt.% C) (29300) |-
Uranium’ carbide (5.1 wt.%. | » = | 550 | 690 (65")'80 140 300—500 | » n

Q) . ) )
Ura)nium carbide (4.9 wt.% - 640 | 740 6,3 -~ 100, 300—500 | » =

[} ® 500)
Uranium carbom[nde (1.6 T 520-| 600 | 4,9 100 300—500- \Precipitates along

wt.7eC; 3.3 wr.% Na (6 500 , grain boundaries
Uranium carbide (5.1 wt.% |Sodium b495. 370 63 ,9 400 270 Carburization

o)) : P ( 300) ‘
Uranium carbide coated The samei 460 340 3,9 — 290 Absence of interac-

with_chromium (5.1 wt.% | I (6 500) - tion

C) . 1 :

*Samples irradiated in the BR-5 reactor.

TABLE 3. Conditions and Results of the Irradiation of Uranium Monocarbide in the BR-
"5 and SM:-2- Reactors

Maximum Temperature | Can tempe

. ra-

. ‘ Carbon in UC, in center of pera Swelling for 1% | Gas evolution,

Serial number burn=-up, % of . ture (calcula~
_ wt.% fuel (initialy, ) burn-~up %o

heavy atoms °c ted), *C

1 5,3 0,8 1030 570 1,2 2
2 5,3 2,1 1030 570 1,2 2
3 5,3 3,0 1030 570 1.2 2
4 5,1 3,5 980 500 1,2 —
5 4,8-5,2 4.2 1250 530 2’5 7
6 4,9 6,3 1650 640 3.5 7

Note; Nos.1,2,3,5, irradiation in the BR-5, Nos. 4,6, in the SM~2 reactor.

In the case of a helium-filled gap at the same temperature the zone of interaction never exceeded
40 u.

Coating the uranium monocarbide of hyperstoichiometrical composition with a layer of chromium 25 p
thick prevents the can from suffering carburization on irradiation even when the gap is filled with sodium.
The protective layer remains intact for a long time.

‘Analysis of the results presented in Tables 1 and 2 shows that the character of the interaction under
irradiation remains fundamentally the same as under ordinary conditions. However, the velocity of the
interaction increases,andthere is a considerable carburization of the can at 550-600°C, i.e., 200-250°C
lower than in the case of prereactor tests.

Behavior under Irradiation

Irradiation of the high-temperature uranium and plutonium compounds was carried-out in exper1—
mental assemblies of the SM-2 thermal reactor and the BR-5 fast reactor.

The construction of the fuel elements with carbide fuel was described earlier [19]. The cans of the
fuel elements were made of 0Kh16N15M3B stainless steel with a wall thickness of 0.3-0.4 mm. The density
of the fuel was 90-93% of theoretical. The porosity laid down in the construction of the fuel element lay
in the 20% range and comprised the porosity of the blocks themselves and the diametral can—fuel gap, which
varied from 0.18 to 0.4 mm. The gap was filled with a Na —K alloy or helium. The temperature required
for the fuel-element can was created by the thermal resistance of the gap between the fuel element and the
outer jacket of the experimental ampoule. For measuring the temperatures in the can of the fuel element,
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S AN
| Fig. 7. Microstructure of the zone of interaction of uranium carbide
» with a can made from 0Kh16N15M3B steel. a) Tests before incorpora-
tion into the reactor, 800°C, 450 h, medium sodium; b) tests in the reac-
tor, 550°C, 6500 h, medium helium, can deformed by the swelling of the
fuel. Cracks in the carburized layer.

Chromel —Alumel thermocouples 0.2 mm in diameter were

5
g introduced into several ampoules. The thermocouples
3 were set in three points over the height of the active sec-
> 4 T tion of the fuel element, and normally served for 1.5 years.
2 / The thermometric measurements showed that the calcu-
E 7 lated temperatures were quite close to the real ones.
2 _%,j‘; The samples were irradiated at a linear power at 300-600
3 , ; W/cm to a burnup of 3.5-6.3% of the heavy atoms. The
= / characteristics of certain samples and the conditions of
g % : irradiation are shown in Table 3. All the fuel elements
S % remained vacuum-tight after irradiation under the condi-
2 . tions in question. The greatest increase in the diameter
2 | K of the can in fuel elements with the maximum burnup was

500 o0 1000 1200 100 7600 about 1%. Investigations showed that the average rate of
Temperature of block center,*C swelling of the carbide fuel (swelling referred to the burn-
Fig. 8. Rate of swelling of uranium carbide up averaged over the cross section) depended substantially
fuel.as a function of the temperature in the on the temperature of the fuel (Fig. 8). For a fuel temper-
center of the block. Burnup 3.5-6.3% of ature of 700-800°C "hard" swelling in general takes place.
the heavy atoms. AO) Free swelling; O) The rate of swelling is then 1% for 1% burnup. At 1000-
swelling with the cans restrained. 1100°C a considerable contribution is made to the swelling

by small blisters less than 0.5 ¢ in size (Fig. 9). At 1400-
1500°C gas bubbles and cavities are formed (Fig. 10) and the rate of swelling increases to 3-4% for 1%
of burnup. The number and size of the bubbles and cavities increase from the periphery to the center. In
the original state there are only a few pores and they are distributed uniformly over the boundaries and
main body of the grains. After irradiation they lie chiefly along the grain boundaries. There are more
large pores at the "hotter" boundaries, owing to their migration under the influence of temperature gra-
dients. The inclusions of uranium dicarbide vanish during irradiation. The fact that the swelling of car-
bide fuel is greater than that of oxide fuel is due to the ability of the carbide fuel to hold gas in the lattice;
this is evidently associated with the different diffusion mobility of the gas fragments in uranium dioxide and
carbide. The maximum gas evolution from the carbide fuel in the samples under study was 20%. There is
also a certain amount of information [1] to suggest that in 10% burnup the gas evolution is about 50%.

X-ray analysis showed that the diffraction maxima remain intact after irradiation in all the samples
studied, although the lattice constant of uranium monocarbide diminishes. The greatest diminution in the
lattice spacing is 0.16%. A knowledge of the rate of swelling enables us to estimate the degree of porosity,
which is important in order to ensure normal working of the fuel element. The introduction of a sodium
interlayer into the fuel element between the fuel and the can reduces the temperature of the fuel, which en-
ables us to obtain a burnup of 10% for high thermal loadings. A more difficult problem is that of reaching
such a degree of burnup in fuel elements with a gas interlayer between the fuel and the can. According to
our own experimental data, such fuel elements are efficient up to a burnup of 6%; however, the can then has
an almost critical deformation. The achievement of a higher burnup may clearly develop from a reduction
in the effective density of the fuel and also a variation in the distribution of the original porosity.
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Fig. 9. Microstructure of uranium carbide after irradiation to a burnup of 4.4% at 1000°C
(X7500).

Fig. 10. Microstructure of a core of uranium carbide. Burnup 6.3%, initial temperature
in the center of the block ~1600°C (x200).

These and certain other questions which have still to be resolved in order to be able to make use of
the prospective forms of high-temperature uranium —plutonium fuel are included in our program for further
research in the BOR-60 reactor. For this purpose four groups consisting of 76 fuel elements with carbide
cores have been made. The experimental packs will be irradiated to burnup ratios of 3,5, 7, and 10 wt. %.
A detailed study will be made of the effect of various technological arrangements for manufacturing the
uranium carbide cores and the composition of the fuel on the stability under irradiation; various construc-
tional arrangements will be studied; the compatibility of the uranium carbide cores with stainless steels
in a2 medium of helium and sodium will also be investigated. The possibility of using fuel elements with a
sodium interlayer is extremely attractive. The advantages of carbide fuel may be realized most fully in
fuel elements with a sodium interlayer, which by reason of its high thermal conductivity yields high linear
powers (1000-1300 W/cem) for a fuel element diameter of 10-12 mm. Higher thermal loadings create im-
permissibly high thermal stresses in the can. For a helium interlayer the advantages of the carbide fuel
are realized most fully for a fuel-element diameter of 6-7 mm. Since the use of large fuel elements in
reactors reduces the specific loading, and in the first stages of the development of fast reactors the cost
of the plutonium is high, fuel elements with a helium interlayer will find a more extensive use in the first
loadings.

Both types of fuel element construction will be studied in the experimental packs: a) elements with a
uranjum carbide core in a medium of helium; b) elements with a uranium carbide core in a medium of sodi-
um. The behavior of fuel elements with cores made from uranium and plutonium nitrides, sulfides, and
other compounds will also be studied.

CONCLUSIONS

1. We have studied the main laws governing the thermophysical and mechanical properties (thermal
conductivity, electrical resistivity, specific heat, linear expansion coefficient, hardness, elastic modulus,
etc.) of uranium carbide, nitride, carbonitride, sulfide, and phosphide at 20-2000°C.

2. In addition to the generally -accepted methods of producing refractory uranium and plutonium com-
pounds from the dioxide, we have developed a method of heterogeneous gas carbiding and nitriding of the
original materials, attractive from the point of view of the simplicity of the apparatus required, the low
temperature of the processes, and the possibility of mechanizing and automating the operations involving
in the production of fuel-element cores.

3. We have studied the compatibility of refractory uranium and plutonium compounds with 0Kh16-
N15M3B steel before introduction into the reactor and also under reactor conditions. The character of the
interaction is exactly the same, but the temperature at which UC starts interacting with the can is 200-
250°C lower under irradiation. In the case of carbide fuel the interaction expresses itself by carbiding the
can to a depth of 100-400 y, although this fails to rupture the fuel elements. The compatibility may be im-
proved by depositing protective coatings on the core (chromium, titanium, zirconium, etc.). :
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4. Fuel elements with carbide and carbonitride fuel have been irradiated without rupture to a burnup
of 6.3% of the heavy atoms at a linear power of up to 600 W/ cm and a temperature of 1600°C in the center.
The swelling of the carbide fuel depends on the temperature. Gas evolution from carbide fuel reaches 20%
for a burnup of 6.3%. '

The authors are deeply grateful to R. A, Andrievskii, V. I. Kuz'min, G. V. Kalashnik, A. S. Panov,
A.S.Piskun, and B. D. Rogozkin, who kindly presented materials used in this contribution.
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RADIATION SAFETY IN THE USSR

A. 1. Burnazyan, S. M. Gorodinskii,
L.A.Il'in, V. M. Kozlov,

A. N. Marei, G. M. Parkhomenko,
and A. D. Turkin

The protection of radiation workers and the general population ‘in the USSR against radiation is en-
sured by the following system of governmental measures: '

1) the establishment of legal standards regulating the dose to individuals working with sources of
ionizing radiation and to the general population;

2) the develqpment of a system of protective regulations covering individuals and groups directed
toward the assurance of safe working conditions (for example, the promulgation of health rules for all
branches of industry to prevent overexposure of individuals and the general population);

3) the creation of a system of State health surveillance for compliance with regulations in this field,
and the establishment of a medical service for supervising the health of workers;

4) the organization of scientific studies aimed at the prevention of radiation effects on the health of
individuals and of the general population.

The basic biological effects of ionizing radiation on the body have been established by extensive ex -
perimental studies and by clinical observations. A particularly large amount of effort has been devoted
to studies of such problems as the kinetics of the accumulation and decomposition of radioactive materials,
the reactions of the body and the biochemical changes occurring in it because of the effects of ionizing ra-
diation, and the disturbance of the functional state of tissues and organs. These experimental and theoretical
studies have proved to be extremely fruitful in the development of maximum permissible levels of ionizing
radiation and maximum permissible intake of radioactive materials into the body . '

It should be emphasized that the maximum permissible levels of irradiation changed significantly with
the accumulation and refinement of knowledge about the effects of ionizing radiation on the body. Where the
permissible dose of y -radiation was 0.1 R per working day in 1946-1950, it was reduced to 0.05 R, and then
to 0.017 R in succeeding years.

The radiation safety standards (NRB-69) now in effect in the Soviet Union are mainly based on the
recommendations of the International Commission on Radiation Protection (ICRP).

Radiation safety standards in the USSR have the force of law. They are distributed to establishments,,
institutions, laboratories, and other organizations in all ministries and departments.

Work with radioactive materials and other sources of ionizing radiation is carried on with the per-—
mission of agencies of the State health surveillance group, to which is presented all the information about
radiation levels and environmental contamination necessary for evaluation of radiation hazard.

Units of the State health surveillance group accomplish their purpose by examination of plans, in-
spection during the course of construction, and participation in the acceptance of supplies.

The health rules issued by the USSR Ministry of Health are binding on all departments. They regulate
the conditions for the location and operation of nuclear installations which are potential sources of radia-
tion effects for workers and the general population. In addition to the usual health rules for working with

Ministry of Health, USSR. Translated from Atomnaya Energiya, Vol. 31, No. 4, pp. 403-409, Oc-~
tober, 1971. ,

© 1972 Consultants Bureau, a division of Plenum Publishing Corporation, 227 West 17th Street, New York, -
N. Y. 10011. All rights reserved. This article cannot be reproduced for any purpose whatsoever without
permission of the publisher. A copy of this article is available from the publisher for $15.00.
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TABLE 1. Recommended Minimum Protec- radioactive materials and other sources of ionizing radia-
tion Factors for Personnel Protection tion, there are special health rules in the USSR (for ex-
Methods for Radioactive Aerosols ample, health rules covering the design and operation of
N atomic power stations, rules for the transportation of
Minimum . . . . 3
Personnel protection method protection radioactive materials, etc.). Surveillance for compliance
factor with radiation safety standards and health rules is ac-
| complished by health units which are radiologic subsec-
| Supplied-air personnel protection methods tions of the health stations in the Ministry of Health.

(suits, jackets, and masks). . ... .. .. 10000 Workers in the health stations are given extensive powers
Protective suits with self-contained re- —up to the shutting down of an offending unit. Along with
Aﬁf{;";a.fs‘&“r;{;‘;’;g‘lof;;f eXplred .a_”: o 1(1)88 the health surveillance, day-to-day monitoring for com-

pliance with radiation safety standards is carried on in the
units. The day-to-day monitoring is carried out by a ra-
TABLE 2. Standards for Personnel Protec- diation safety service (RSS) which is a direct part of the
tion Methods Defining Functional State of structure of an enterprise. The RSS of an enterprise pro-
the Body vides constant observation of radiation equipment and
Respirator production lines, of the amount of radiocactive waste dis-
: ) Air sup- |Fesistanceat chargedinto the surroundings, and of contamination levels
Persﬁngel Protection o1y rate, ?Icgijtg'flzgu W, in environmental objects (air, reservoirs, food products,
metho liter/min liter/min, ke etc.). The RSS informs higher-level departments and units
mm water of the State health surveillance group about the results
of its observations, particularly in the case of an observed
Supplied-air personnel violation of health regulations, and works together with them
protection methods: to eliminate the observed violation.

suits and sets for gas

and electric welders . | 250—400 10 6 In research institutes, group and individual means

Jackets. ... 2(_)0_'330 10 2 for protection of personnel against radioactive gases and
Pg{‘)ﬁé‘gg%"gfh?ﬁi‘ﬁ .- [ 150200 10 0,6 aerosols, new methods of personnel dosimetry, and methods

self-contained re- ' for lifetime determination of radioactive isotopes in the

gigfgﬂis_yft_etf‘.f?r‘ . 30 7 body are being investigated; studies are being made of
rational arrangement and grouping of equipment, of planning
Antiaerosol respirators - 3 0.3 for working areas, and of the reasons for general and in-

dustrial disease. Industrial hygiene studies make possible
the accumulation of important material on health evaluations of equipment used, protective devices, every-
day health facilities, and protective covers on structural units. In contrast to the requirements imposed
on equipment in other branches of industry, in working with radioactive materials and particularly high-
activity materials, there is good reason to require the sealing not only of individual parts of the equipment
and individual chambers (boxes) but also of the entire process line with complete elimination of the re-
moval of radioactive materials and of parts contaminated by them outside the confines of the box system.
The development of special zonal planning of areas is something essentially new. It should be pointed out
that special boxes equipped with gloves and manipulators have come into w1despread use for ensuring safety
in working with radioactive materials.

An important position is occupied by a system of protective locks and protective pass-throughs which
ensured localization of radioactive contamination in the area where the work is being performed.

Theoretical premises about the use of zonal division of production areas and requirements imposed
on equipment and ventilating facilities on the basis of industrial hygiene studies are now increasingly con-
firmed in practice and are being used in planning installations. In addition to the work on industrial hygiene
aspects of working conditions, the operational developments in the determination of radioactive materials
in various media are worthy of note.

The principle directions of the scientific studies being carried out in the field of population protec-~
tion against the effects of ionizing radiation are the characteristics and health aspects of radiation sources,
the analysis of radioactive isotope behavior in the various portions of the environment and the establish~
ment of the paths by which interaction with humans occurs, the determination of relationships between the
content of radioactive materials in the environment and in the body, the study of the effect of ionizing ra-
diation on living conditions and health of the population, the prediction of the radiation environment and of
possible health consequences for the population because of the effects of ionizing radiation, the development
of health measures directed toward the assurance of effective protection of the population against the ef-
fects of ionizing radiation. :
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TABLE 3. Uranium and Radium Content 1n Discharge
Water and in Reservoirs

In reservoir

Mine waters
: water at waste

Isotope before purifica~after purifica- {water discharge
tion tion point
Natural uranium,
m%ﬁiter ......... 1. 0,2-0,6 | 0,1and less 0,003—0,111
Ra?®, Ci/liter. .. ... 10711510710 | (0,5--8)-40-11 ) (0,4~ 2)-10~

A knowledge of the composition of radioactive wastes and of the properties which determine their
characteristics, of the behavior of the corresponding isotopes in reservoirs and of the nature of their mi-
gration along the food chain as well as of the frequency of various levels of accumulation in the bodies of
different population groups makes it possible to justify and include in the health regulations the appro-
priate requirements for the disposal of liquid radioactive wastes. The use of recirculating water supply
after the discharge water is cleared of radioactive contamination offers a practical possibility for solving
the problem of health protection for reservoirs with respect to contamination by liquid wastes from nuclear
installations. '

For the health protection of underground waters, studies were made of the mechanisms and rela-
tionships which determine the migration of radioactive isotopes in various soils and geologic formations.
This made it possible to develop methods for predicting the hydrologic conditions for the entrance of radio-
active materials into water-bearing horizons; the studies also furnished a scientific basis for inclusion of
requirements in the health regulations which controlled the conditions for storage of solid and liquid wastes.

In performing repair and emergency operations, there is always the possibility of air contamination;
consequently, a high priority was assigned to the creation of methods for individual personnel protection.

Since 1953, supplied-air protective suits (pneumosuits) with ventilation of the entire space withinthe suit
with pure air have been used as a means of individual protection of skin and respiratory organs during the
most severe repair, decontamination, and emergency operations. High protective efficiency, low physio-
logicload, simplicity, and operational reliability are the basic characteristics of the LG-U and LIZ-KS
pneumosuits. The minimum protective factors of these suits against aerosols are 1.3 -10% and 5-10°, re-
spectively. : '

For repair and emergency operations 'requiring high mobility, a protective suit with a self-contained
air supply was designed in which there was regeneration of the air by means of alkali metal peroxides,
circulation of air by using the space inside the suit as a breathing bag, and thermoregulation of the body
by external cooling. The minimum protective factor of this suit against aerosols is 3.5 -103.

Along with the creation of supplied-air masks and helmets, there was developed the "Lepestok" anti-
aerosol valveless disposable respirator. The use of the ultrathin-fiber, electrostatically charged filtra-
tion material FPP as housing filter and obturator and the absence of a valve housing made it possible to
construct a set of cheap respirators with low respiratory resistance and high protective efficiency against
aerosols of different dispersions: "Lepestok-200," "Lepestok-40," and "Lepestok-5."

To protect the skin in repair areas and to prevent scattering of radioactive contamination outside the
repair area, a system was devised using special temporary-use plastic clothing and additional booties which
are worn over the special clothing and booties used daily.

As the result of a study of the features of skin contamination and decontamination with respect to
various radioactive materials, the decontaminating agents "Zashchita," "116," and others were developed
and used successfully in practice. The problem of skin decontamination can now be considered as solved
in the USSR as far as radioactive materials are concerned.

The creation of new means of individual protection for operations involving radioactive materials
gave rise to a need for investigations into the nature of the decontaminability of materials and the inter-
action of those materials with contaminating and decontaminating agents, for a study of the protective prop-
erties of personnel protection agents against radioactive isotopes in various combined states, and for the
development of standards for individual protection methods.
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TABLE 4. Personnel Irradiation at Com- : In working with radioactive materials, an ex-
mercial Reactors in 1969 : tensively used special material is one having a poly-
. = . = vinylchloride base into which is introduced an unbound
B& § g ’é‘ paraffin additive that forms a continuously released thin
Radiation dose, 2. 8 2| radiation dose, | &8 8 layer on the surface of the material. This inert non-
rem IR B R wetting layer prevents penetration of the majority of
é éo ‘;‘j }é’ _r;:[’_'g radioactive contaminants into the body of the material.
z § g z § £ Specific recommendations were also developed
for methods of decontaminating special clothing and
?01 _1:‘,0.3 %‘ z)?jm’d above | 13 other personnel protection devices which take into ac-
o ) ’ ' count the nature and state of the radioactive contamina-
tion.
TABLE 5. Dose Composition for Personnel From the large arsenal of methods for evaluating
Irradiation at Commercial Reactors, Av- protective efficiency, perference is given to direct meth-
eraged over a Year, % ods. Since the beginning of the 1960's, direct methods
Entire were used to evaluate protective suits, supplied-air
B-Radiation | y-Radiation Thermal neutron helmets, respirators, and other means of individual pro-
neutrons spectrum tection by means of simulated radioactive aerosols.
720 70—80 517 1015 Physiological studies of personnel protection meth-

ods are also of great importance.

Studies of physiological changes inthe bodies of people using personnel protection methods make it
possible to recommend the appropriate standard indicators for gaseous impurities in inspired air which
are formed in the body and which may accumulate when using some self-contained systems for the regener-
ation of respiratory mixtures.

On the basis of these physiological studies and studies of operating experience with protective mea-
sures in the Soviet Union, standards were developed for personnel protection methods not only with respect
to protection efficiency (Table 1) and harmful impurities in respiratory mixtures, but also with respect to
other indicators which define the functional state of an individual using the personnel protection methods.
The most important of these requirements are given in Table 2.

Great advances in the health conditions of working people and in living conditions for the general
population have been achieved as a result of all the studies that have been completed and of the strict in-
spection system for compliance with regulations and radiation safety standards.

As examples, one can discuss the working conditions and radiation estimates in the neighborhood of
uranium mines, industrial and power reactors, and radiochemical enterprises.

During the early operations of the uranium mining industry, the dominating factor in the effects on
miners was the quartz-containing dust which produced silicosis. Because of this, efforts were chiefly di-
rected at reduction of dust concentrations in the air of mine workings by the introduction of wet drilling,
measures for hydraulic dust removal during explosive operations, the use of dust-wetting additives in wash
water, etc; overall mine ventilation was improved because of the introduction of varied ventilating equip-
ment and systems. As a result of these measures, significant results in the reduction of mine air dustiness
to maximum permissible concentrations and less were achieved even in the 1950's. While the MPC for
dust loading in air with free silicon dioxide content above 10% is 2 mg/ m?, the weighted mean dust loading
was reduced to levels of 0.7-1 .4 mg/m3 in the 1950's in all uranium mining enterprises. This ensured the
elimination of silicosis cases among miners with the exception of individual cases of the disease in people
who came to work in the 1940's and early 1950's.

Because of increased radon concentrations in the air in underground workings, the development and
introduction of antiradon measures was started in the early 1950's. A method for designing mine ven-
tilation including consideration of radon was developed. A whole series of antiradon measures were in-
troduced in the form of ventilation improvement both generally throughout the mine and at working faces,
isolation and sealing of exhausted or temporarily inactive workings, deposition of antiradon coverings on
emanating surfaces of mine workings, capping of mine water, etc. Through the realization of the antiradon
measures, the radon concentration in the air of underground workings at the end of the 1950's was reduced
to permissible levels.
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TABLE 6. I'* Irradiation and Contamination As is clear from what has been said, great ad-
Levels Requiring Populatiop Protection vances in terms of radical improvements in health con-
Measures in Emergency Si_tuations* ditions at work have been achieved during the period
Quantities specified cont : the uranium mining enterprises were in operation.
: . T
in recommendations | USSR |~ usA However, considering that the intake of even mini-
orused in caleulations mum amounts of long-lived radioactive isotopes into the
o body is undesirable, particularly because of possible
Rig;?gi%n ?gfie tothe | oot | 23 0010 % combined effects with other industrial factors, all steps
s fads . ..., otoyea &5 b . . .
- —_— are being undertaken in the mines so that the greatest
Intake with food, uCi: . ; ; i
children . . . 0.8/ (1 1,75 (0.38) posmble. furt‘her T:e(?uctlox} of dust loading and radon
adults. .. ........ 13.5/135 15 — content in mine air is achieved.
Intake by mhalauon )
gﬁidren 1 . As a rule, uranium aerosols are not detected in the
adults. . . . ... .. : 187180 20 — atmosphere at populated points near the mines, and the
M;ﬁ;“g}?ogg‘}?rﬁg‘ﬁ' radon concentration is at a level which is typical for the
day) or milk (m, ’ locality.
uCi/dayy:
children. ....... 0.95/9,51  3(m) — i i -
adults, ., . ..... - 0,06/0,6]0,25(m) | 0,25(0 84)(m) ) Mine waters a‘re % second potential source of en.
THEmy vironmental contamination. The water undergoes puri-
Air concentration, ! . P . . . .
nCi/liter: fication (by the sorption method) in appropriate devices
children . . ...... 330 0.6 — before discharge into a river at enterprises having large
Caduls, L. 207200 24 - amounts of mine water. One can judge the purification
*Values underlined are. given in the recommendations. efficiency from the data in Table 3. So low a concen-
T The first number is level A, the second is level B. tration of the indicated isotopes in purified mine waters

tIt is understood that irradiation of any individual
will not exceed 30 rad if the average dose to the cor-
responding population group does not exceed 10 rad, - For all operations the uranium air concentration

for mining departments is 0.01-0.02 mg/m and for
metallurgical departments, 0.07-0.2 mg/ m® compared to an MPC of 0.2 mg/m3. The radon content in
air is within the 11m1ts (1-3) - 1071 Ci/liter while the MPC is 3 -1071! Ci/liter.

and in reservoir water satisfies health requirements.

Hydrometallurgical factories also present no hazard as sources of atmospheric contamination. It is
sufficient to point out that the average Ra?%* and Po*’ escaping with industrial discharges is considerably
below the MPC in the air of nearby populated sites.

Semiliquid radioactive wastes are held in liquid waste storage reservoirs. The filtered water from
them is returned to process lines. Excess water is purified to established standards and discharged into
a reservoir.

In plants producing metallic uranjum and manufactured uranium parts, the discharges containing
uranium aerosol undergo special purification. As a result, the uranium air concentration in inhabited settle -
ments is (0.6-1.0) -107° mg/m , i.e., tens and hundreds of times less than established standards. In the
health protection zone, the a—emLtter content in soil, vegetation, and snow remains within the range of the
natural background.

This applies equally to.the water discharged by plants of this type. The Ra®® and natural uranium
content in water and in the bottom layers of reservoirs receiving plant discharge water are at the level of
the natural background, i.e., there is practically no contamination of the reservoirs by radioactive isotopes.

At commercial uranium —graphite reactors, external vy and neutron radiation are the main factors
involved in radiation effects. The annual radiation dose to personnel operating commercial reactors at the
end of the 1950s was: up to 5 R, 95% of all personnel; 5-10 R, 4.7%;up to 15 R, 0.3%. These numbers did
not exceed the maximum permissible values in the USSR at that time. To improve the radiation environ-
ment in subsequent years, attention was directed toward the prevention of emergency situations and to-
ward the reduction of repair operation volume by increased reliability of technical equipment.

Because of these measures, personnel irradiation at industrial reactors basically does not exceed
2.5 rem/year with the exception of individuals concerned with repair and emergency operations, for whom
the radiation dose is somewhat higher but not more than 5 rem/year (Tables 4 and 5).

Proper arrangement of shielding, zonal design of working areas, and remote control of technical
processes provided safe working conditions in the radiochemical industry. Over the last seven years,
more than 80% of the personnel had an annual dose less than 1 R and only 2% received from 2.5 to 5 R.

1162

Declassified in Part - Sanitized Copy Approved for Release 2013/02/26 : CIA-RDP10-02196R000300090002-1




Declassified in Part - Sanitized Copy Approved for Release 2013/02/26 : CIA-RDP10-02196R000300090002-1

Measurements of the content of ¥ -emitting isotopes in the bodies of workers at commercial reac-
tors and radiochemical factories made with whole-body counters show that the activity in the body does
not exceed 1077 Ci in the overwhelming majority of cases. Cs'*' in amounts up to 8 -1077 Ci in the body
was observed only in particular individuals. The presence of Cs!3" and Zn®® in the body was typical of
workers at commercial reactors; the presence of Cs!3? and Zr?® together with Nb% was typical of workers
at radiochemical factories. The thyroid content of 13! was 5-1071°-3-107? Ci. The data presented indi-
cate the content of radioactive isotopes in the bodies of workers at commercial reactors and radiochemical
plants is considerably less than the maximum permissible content recommended by the ICRP for the iso-
topes mentioned.

Environmental contamination by radicactive materials around industrial reactors and plants for
radiochemical processing of irradiated uranium is insignificant. The doses of localities outside the boun-

" daries of the health protection zone (5 km) for these plants (downwind) did not differ from the doses at
control points and did not exceed 100-120 mrem/year. In the region of the closest populated site @ dis-
tance of 8 km), there was practically no increase over the natural ¥ -background, and the content of long-
lived aerosols in the atmosphere did not exceed the level of global fallout. The specific activity in discharge
water was 8 -1072-3 -107% Ci/liter; the activity resulted mainly from the presence of Mn*, Na%, and partly

- from P32, The Sr®° concentration was no more than 10710 ci/liter. :

Limited volumes of discharge water containing long-lived isotopes with a specific activity of 1074
1 0% Ci/liter are pumped into deep water-bearinghorizons. A small amount of high-activity water con-
taining long-lived isotopes is stored in special tanks.

Operating experience at the Beloyarsk, Novo-Voronezh, and other atomic power stations indicates that
the radiation environment in working areas is completely satisfactory. Personnel irradiation levels at an
" atomic power station are considerably below 5 rem/year; the discharge of inert radioactive gases into
the atmosphere is 100-500 Ci/day, of aerosols, no more than 10~ Ci/day, and of I'*! no more than 0.05 Ci
/day.

Many years of experience in the operation of atomic industrial and power plants enables us to state
that the radiation environment, both within a plant and in the surrounding area, is completely favorable
under normal conditions. At the same time, emergency situations, in which personnel overexposures are
possible, bring up the problem of prevention and-elimination of radiation accidents. Criteria have been
developed for making emergency decisions in accident situations — one of the most important facets of this
problem. As an illustration; we can discuss an emergency situation associated with areal contamination by
131 —one of the most dangerous isotopes in the accidental discharge into the atmosphere of radioactive
materials from a reactor.

The "Criteria for Making Emergency Decisions " effective in the USSR, in which radiation and con-
tamination levels are defined, provide the basis for determining the need to take definite measures to pro-
tect the population or the absence of such a need. The decision is made on the basis of a comparison of
estimated (predicted) danger levels with levels A and B in the criteria (Table 6).

Level A. If the hazard does not exceed level A, there is no need to take extreme measures which
would cause temporary disruption of the normal activities of the population. '

Level B. If the hazard reaches and exceeds level B, it is necessary to take extreme measures even
if they lead to temporary disruption of the normal activities of the population and of the economy of the
region. '

If the hazard exceeds A but does not reach B, the appropriate decision is made on the basis of cir-
cumstances and local conditions. Because the criteria contain more than a single guideline, they permit
a certain flexibility in reaching decisions depending on specific circumstances, and at the same time they
make it possible to avoid serious over-or underestimation of the danger. These criteria are a component
part of the program for radiation protection of the USSR population in emergency situations.
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RADIOACTIVITY OF THE WATERS OF THE WORLD
OCEANS AND BEHAVIOR OF SOME FISSION ELEMENTS
IN THE OCEANS

. M. Vdovenko, A. G. Kolesnikov,

. I. Spitsyn, R. N. Bernovskaya,

. I. Gedeonov, V. V. Gromov,

. M. Ivanova, B. A. Nelepo,

. N. Tikhomirov, and A. G. Trusov

<<«

Radioactive wastes are nowadays increasingly discharged into water. The importance of the dis-
charge processes for the radioactive contamination of the ocean became in certain locations comparable
to the importance of the global radioactive fallout. A bibliography of the radioactive contamination of the
ocean has been given in comprehensive form in [1, 2]. Of particular interest are [3, 4] among the more
recent publications. The present article reports the latest results of research whose previous stages were
outlined in [5-7].

The global radioactive contamination of the ocean was basically derived from observation data con-
cerning the concentration of the long-living radioactive isotopes Sr®® and Cs!®? [8, 9]. The present article
describes the results of our recent measurements. In investigations of the radioactive contamination
caused by the discharge of radioactive wastes one must keep track of 2 series of radioactive isotopes whose
half-life periods are shorter than those of Sr?® and Cs!®’ and amount to months and days. Important in-
formation can be obtained from the isotopes Ce!!, Y%, Nb%, and Mo®® (Tc®). The results of first stages
of research on the behavior of these isotopes in sea water are listed below.

Table 1 lists the concentration of Sr* and Cs'" in the surface water at 92 points of the Pacific at the
end of 1966 and the beginning of 1967 and at some points of the Atlantic ocean in 1967. All data of Table
1 are indicated on the maps shown in Figs. 1 and 2. Table 2 lists the depth distribution of Sr? and Cs!37,
Reliable results were obtained at all observation points down to depths of 500 m. The concentrations at
greater depths were frequently below the detection limit of the instruments. However, there were places
at which at depths of 1000 m or more, the Sr? and Cs'*" concentrations were above the detection limit and
could be determined with adequate reliability.

The Sr®® and Cs'*" quantities stored in the water layer between the surface and a depth of 500 m were
estimated at many points, and at depths as great as 1000 m at a few other points. The calculations were
based on the depth-dependence of the concentration.

Table 3 lists the corresponding results. The accumulations calculated are indicated on the maps of
Figs. 3 and 4. Several peculiar features of the radioactive contamination of the water in certain regions
of the world ocean were noticed.

At one point in the Sea of Japan, the Sr°° concentration amounted to 71 decays/min/ 100 liters of-
water in November, 1966 and the corresponding Cs!*" concentration resulted in 79 decays/min/ 100 liters
of water. A comparison of these figures with the data obtained in the Mediterranean and the Black Sea [5
6] reveals that the concentrations are in all closed seas higher than in the open seas (the same latitudes
were considered). The global radioactive fallout decreased from 1962 to 1966 [10], but the Sr°% and Cs!®?
concentrations in these seas decreased only insignificantly. The respective Sr?® and Cst¥ quantities stored
in the Sea of Japan amounted to 95 and 117 mCi/km? in the layer extending from the surface to a depth of

State Committee on the Use of Atomic Energy of the USSR. Translated from Atomnaya f)nergiya,
Vol. 31, No. 4, pp. 409-422, October, 1971.

o 1972 Consultants Bureau, a division of Plenum Publishing Corporation, 227 West 17th Street, New York,
N. Y. 10011. All rights reserved. This article cannot be reproduced for any purpose whatsoever without
permission of the publisher. A copy of this article is available from the publisher for $15.00.
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Fig. 1 Fig. 2
Fig. 1. 8r? concentration in the surface waters of the Pacific during 1966-1967 (the 'diameber of the .

dots is proportional to the concentration).

Fig. 2. Sr? concentration in the surface waters of the Atlantic in 1967 (,the diameter of the dots is
proportional to the concentration).
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Fig.3 Fig. 4 :

Fig. 3. Sr?” accumulated in the water layer extending to a depth of 500 m per unit area of the Pacific. !

Fig. 4. Sr® accumulated in the water layer extending to a depth of 500 m per unit area of the Atlantic.

500 m, and to 135 and 162 mCi/km?downtoa depthof 1000 m. According to the data which the Scientific
Committee of the UNO on the Effect of Atomic Radiations obtained from continental stations, one had to
expect 60-80 mCi/km? of Sr?® in this region [11]. Obviously, an excess amount of Sr®° is present.

The waters of the Northwestern part of the Pacific were contaminated by atomic weapons tests on the
Marshall Islands. A region with extremely strong radioactive contamination was established in that area
in 1954 and 1955. The situation was completely different in 1966. The comparison of the results with the
data of previous years [12-15] is displayed in Fig. 5 which includes data referring to the Atlantic [5, 6]. o
The Sr?’ concentration in the surface waters of this region decreased strongly during the last few years
and amounted to an average of 30 decays/min - 100 liter water in the fall of 1966. The Cs!*? concentration |
amounted, on the average, to 49 decays/min -100 liter. The zone with increased concentration in the re- '
gion of the Bikini —Eniwetok Islands had almost disappeared. The Sr®° and Cs!3" amounts stored in the upper!.
water layer extending to a depth of 500 m differed no longer from the concentrations in other parts of the
Northwestern Pacific. However, in the upper, 1000 m thick layer, 115 mCi/km? of Cs!37 are found above
the Mariana trench. The concentration is below the detection limit at greater depths in the Mariana trench
area. Samples have been taken to depths of 8000 m.

1168 X




v Declassified in Part - Sanitized Copy Approved for Release 2013/02/26 : CIA-RDP10-02196R000300090002-1

TABLE 3. Sr? and Cs®®" Concentrations at TABLE 4. Comparison of the Average Sr*’
Various Points of the Water Layer Extend- and Cs!®7 Concentrations in the Northern
ing from the Surface to a Depth of 1000 m and Southern Parts of the Pacific and At-
Coordinates at  [gongentration (mCi lantic at Low Latitudes
hich ) km?) in the layer ex-
Date of | WILCH Sample Was jending from the surface o Concentra- .
¥ taken to a depth of 1 Radio~ tion (decays| Ratio
. Samping ' Ocean active | Year 1/1Xtrelzlrr)l 100" | North
latitude {longitude 500 m 1000 m isotope /South
north | south
Pacific Ocean : Pacific Sroo 1961 60 30 2,0
: (13, 14]
1966
, ’ Sr90 30 14 2,1
1/X1 | 42°49'N |134°32°E{ 95 135 | 162 1966 4
6/XI | 36°00'N [142°41°E | 70 95 | — Cst3? 9 u ] 20
10/XT | 22°30"N [145°46°E | 70 115 | 180 -
11/XT | 19°36’N |147°25'E| 73 Atlantic Sreo 1963 39 22 1,8
13/XI | 13°59’N |147°08'g | 50 — | - Cst? 6] ] 3B 2,2
18/X1 [ 11°42'N [161°30°E | 43 63 -
19/X1 [12°08'N |162°10°E | 55 85 Sro0 1964 | 29 | 18 1,6
20/X1 | 12°05'N |164°46'E | 26 Csls7 61 | 50 | 26 1,9
25/X1 0°09'N |167°11°E | 50 70 '

29/X1 [13°26'S [158°42'E | 15
S 2/XII 125°18's {157°40°E | 25
12/X11 }33°01'S 1165°04°E [ 20
16/X1I {32°03'S {477°20'W|[ —
19/XII |22°57°s |174°35'w| 20
S 24X1I | 20°13’s }473°10'W| 50
30/XII [18°43'S |144°54'w)| 30

The Sr?® and Cs!®? concentrations in the surface
waters were lower in the Southwestern Pacific than in
the Northwestern Pacific. Table 4 lists a comparison
of the average concentrations and includes data refer-
ring to the Atlantic [6]. The ratio was maintained over

on ioesos sl 19 | — | | — the years. The Sr®’and Cs'®" concentrations detected

8/1 01°12°s |134°59'w]| 15 _ | = over the deep-sea Kermadek trough were maintained only

22%//11 ﬁiﬁ%% gézgg‘x %g 165 égg ot in the upper water layer. The deep-sea walfers at depths

26/1 44°37'N | 125°37'W| 160 — | 270 | 340 ranging to 9000 m were pure though according to pre-

33{{ jf,oggﬁ gz:gzw gg 1f5 130 180 liminary hydrological data, these waters are not com-
pletely stagnant{16]and may be supplemented by sinking

Sg/l 46°14°N | 124°43'W| 94 7| =
1 6°35'N [124°35° — —
2951 26°Z'1'N 12;2;"“‘,' 38 125 | 110 water masses from other areas.

29/1 46°32'N [126°28'W,] 90 — 100

[
sl lgazl | 1R1E
=]
oo
1

o [ RR I}
i N
[or]
- e
FLLT T gl

1967

The average Sr?° concentration amounted to 57
decays/min -100 liter in the narrow latitudinal zone
1967 ranging from 17°S to 23°S. A point at which the Sr®

16/11 [ 11°24'N | 80°18'W| 50 i in - i
20/1T | 21°48'N | 86°10'w| 20 concentration reached 180 decays/min -100 liter was

Atlantic Ocean

29/1V 0°07'N 4°48 w| 15

depths below the surface waters over the Tonga trench.
8V [13°16'N | 17°36 w| 10

The Sr®° concentration in the surface waters at other
points of this area was in no way increased. However,
according to the results of [17], Cel¥, Ce'¥, Ru'®, Zr%, and Nb® were found in plankton samples taken at
those points. The Sr? and Cs'® concentrations were not high in the surface waters sampled between the
Tuamotu archipelago and the coast of California. The Sr?® concentration on the Southern hemisphere was
17 decays/min -100 liter on the average, and amounted to 35 decays/ min -100 liter in the Northern hemi-
sphere between the equator and San Francisco. The Cs!3? concentration reached average values of 18 de-
cays/min -100 liter in the area of Polynesia.

2/1I1 {25°00°'N | 90°50'w]| 18 — 22 | — determined from the contamination of the surface water
1(4);}3 égjg‘,:/g ?gog?m i}l _ ig _ in the region of the Tonga deep-sea trench. A high den-
%%IIIII %2338§ ggzsgw % i e sity of the radioactive fallout from the atmosphere was
2211 | 14°00"N 52014'§,Nq 56 — | 17| = established from samples taken in this area. This is
2;;}{,1 gigggf %Zggw 12 o Bl probably also the explanation for the increased Sr3? con-

3/1V 1°31'N | 34°56'W| 30" | — M| — centration at this point (18°47' S and 160°35' W). The
DA IS CES IR B e 80 S Rl IO U Sr?0 concentration was below the detection limit at all

Increased Sr®® and Cs!?? concentrations were found in January 1967 in Northern latitudes in the region
where the Columbia river discharges its water. Our results should be compared with the data obtained by
American scientists in 1964 [18]. In 1964, the average values amounted in this region (decays/min -100
liter): in July 1964, Sr*® —109; Cs!¥" —102; Cs®"/8r* ratio — 0.9; in January 1967, Sr®’ — 78; Cs®** - 100;

'Cs!37/sr® ratio ~ 1.3. A strong dilution by fresh water is typical for the sea water near the coast. In
summer, the river waters were characterized by a Cs'®"/ Sr® ratio of about 0.3. The ocean water was
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Fig. 5. Change of thevSr90 concentration in the surface waters of the North Pacific
and of the Atlantic during 1957-1966: ) Pacific; — — — ) Atlantic.

Fig. 6. Influence of the pH of the solution and of the total concentration of the
element upon the formation of the suspended Ce!* fraction in double distilled water.

characterized by normal salinity (35%) and a Cs!3"/Sr® ratio of about 1.8. An intermediate value of 1.3 was

observed in our work. This value was closer to the values obtained for the open sea than the river-water
figures (70% of value for waters of the open sea, and 30% of value for river water); the salinity figures did
not indicate this ratio. Thus, the radioactive contamination in 1967 was the same in that region as in 1964,
though the admixed river-water quantities were reduced. The absolute values of the Sr®® and Cs!3" con-
centration in the surface waters were there much higher than in other areas of the Pacific.

" In this region, the Sr% concentration was determined at six points, and the Cs!37 concentration at three

points (1000 m thick water layer in each case). The corresponding values (100-420 mCi/km? Sr% and 180-
340 mCi/km® Cs'¥") are far beyond the figures which are characteristic for the rest of the Pacific. A
comparison with data-on the accumulation of fallout Sr? [11] has revealed that the global radioactive fallout
could provide only about 20% of the observed concentration. In an ocean area of about 220,000 km? (circle
with a radius of 435 km) having its center in the mouth of the Columbia river, the Sr®® concentration was
estimated at about 70,000 Ci and the Cs'®? concentration at about 100,000 Ci.

The Sr®® concentration in the Pacific near the American coast between 35" N and 5°N was in 1967
about the same as in the Northwestern part of the Pacific, amounted, according to the average of 13 mea-
surements, to 31 decays/m__in -100 liter, and decreased from North to South.

Lists of Sr?® concentrations in the Atlantic were given »in (19, 20}. However, fdr 1967 results of the
measurements were stated only for medium latitudes. Our investigations in 1967 comprised mainly the
tropical zone of the Atlantic.

The waters of the Caribbean are provided by the North equatorial current. The average sr®® con-
centration amounted to 11 decays/min -100 liter and did not differ from the Sr? concentration in the trop-
ical ocean area. . The Sr’ concentration in the deep-sea water was below the detection limit. The Sr%
concentration in the Gulf of Yucatan was practically unchanged from the surface to a depth of 500 m.
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Fig. 7. Amount of an element retained by an ultrafilter in dependence on the pH of sea
water: 1) Tc®; 2) Y™, 3) Ce'#4; 4) Nb%,

Fig. 8. Formation of the suspended Ce!*! fraction ( ), Y fraction (— ——), and Nb%
fraction (— .— -—) as a function of time in waters taken from various depths: 1) surface;
2) 100 m; 3) 500 m; 4) 4000 m; 5) bottom water. :

Artificial radioactive materials are probably discharged fromthe continent into the Gulf of Mexico.
Diffusion and advective transfer cause a transformatlon of the water masses which are afterwards carried
away by the Gulf Stream. An increased Sr% concentration of up to 18 decays/min -100 liter was observed
in this area. The radioactive contamination reached to depths of 1800 m at one of the observation points.

Ocean waters from the Northern equatorial current circulate in the Western part of the Sargasso Sea.
The Sr®° concentration amounted to 8-10 decays/min -100 liter.

The average sr?® concentration amounted to 11 decays/min - 100 liter in the equatorial zone of the’
Atlantic between 5° N and 5° S (spring of 1967). Unlike in 1963, no higher concentrations than in the neigh-
boring areas were observed [6, 20]. The spot with an abnormally high concentration observed in the fall of
1963 had disappeared [6].

The Sr® distribution had reached equilibrium in the southern part of the tropical zone by 1967. The
average Sr®® concentration amounted then to 9 decays/ min - 100 liter.

The average Sr?? concentration amounted to 10 decays/min - 100 liter in the zone ranging from 5°to
25°N. - ' ‘ -

The migration of Ce'*4, Y*, Nb® and Tc® depends mainly upon the state of the radioactive isotopes.

It is practically impossible to foresee which forms occur in the physical and chemical equilibrium in sea
water. The specific adsorption laws, colloid formation, and other processes_influence the behavior of
microamounts of a substance in solution. The ocean medium, which contains dissolved and colloidal or-
ganic matter, bacteria, marine organisms, and admixtures of various compositions and origins, plays an
important role. '
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TABLE 5. Retention of the Radioactive Elements under Considera-
tion by Surface Suspension

No. of the Center of the region at
o X which the sample was Retention kq of radioactive element
suspension
taken

sample latitude longitude vl Nbos Te99 Celsd
1 22°42°S 170°34'3 4,1.108 5,8.108 0 1,9.108
2 12°25'S 156°36'3 4,3.108 5,6.108 0 1,9-103
3 24°06'N 173°04'3 4,5.108 6,1-103 0 1,9.103

Station 5992 | 0°36'N 160°29'3 4,3-108 6,2-103 0 1,7-108

Laboratory experiment's in "pure" form were made with.double-distilled water. The real behavior
was studied in samples of sea water. Radioactive elements were introduced in the form of dissolved ions
into the liquid phase. : - N

The study of the state of the radioactive isotopes in the liquid phase involved ultrafiltration, cen-
trifuging of solutions, ion exchange, and electrophoresis. The radioactive fraction which passed through
a filter in ultrafiltration or which remained in the upper part of the test tube after centrifuging was assumed
to be dissolved. The rest of the element was assumed to be in the "suspended" fraction. Extremely small
amounts of the elements could be present in the solutions in the form of dispersed ions, molecules, genuine
colloids, or pseudocolloids [21, 22].

Investigations of the Ce!% distribution in the dissolved and suspended fractions in double-distilled water
were made in dependence on the pH of the solution and at concentrations ranging from 7-10713-7 -10-10 .
These investigations revealed that in acid solutions at pH < 5, cerium remains almost completely in solu-
tion at extremely low concentrations (Fig. 6). According to [23], trivalent cerium cannot form genuine col -
loidal Ce(OH); particles under these conditions at pH = 9.3. Colloidal Ce(OH); particles could be retained
on an ultrafilter. Tetravalent cerium which results in a colloidal fraction in the form of an hydroxide even
at pH = 3.9 [24], is not formed under these conditions, If Ce(OH), were present in the system, the colloid
formation at high pH values would be more intensive. The dashed lines in Fig. 6 correspond to the theo-
retically calculated formation of trivalent cerium hydroxide [25]. It follows from Fig. 6 that the calcula-
tions agree with the experimental results only in the initial sections of the curves which represent the
formation of the suspended fraction. This means that pseudocolloids are formed. Dissolved silicic acid
[26] may play a role in the formation of these pseudocolloids. The reduced suspended fraction which is ob-
tained when the concentration of the cerium ions is increased 100-times is probably given by ion-polymer-
ization processes. Y*, Nb%, and Tc?® do not pass completely into the suspended fraction in double-distilled
water, whatever the pH value [27-29].

In addition to the hydrolytical properties of an element, sorption processes occurring on suspended
particles and the formation of complexes involving organic binding materials influence the properties of an
element in sea water. The composition of both the suspended material and the organic matter are dissimilar
at various points and at various depths in the ocean. This is the reason why an element can migrate in
different ways during the various stages of its presence in the ocean. In order to check this assumption,
the conversion of Ce!#, Y Nb%, and Tc? ions introduced into water samples from various depths of the
Pacific (at the point 00°56' N and 160°29' W) was studied [30, 31].

A check was made of the hypothesis that rare-earth elements precipitated with the sediments onto the
ocean floor can be reversely reintroduced into the water layer by complex formation with organic, phos-
phorus-containing compounds [32]. The behavior of Ce'*, Y Nb%®, and Tc®® in muddy waters obtained
from the surface layer of ocean-bottom sediments at a depth of 5173 m at that point was studied.

~ Figure 7 displays some results of the experiments involving ultrafiltration. The formation of the sus-
pended fraction is less intensive at increasing pH values than in double-distilled water. Technetium re-
mained in the entire acidity range of the medium in its initial ionic state (ammonium pertechnate). As in
the case of pure water, whatever the pH value, Ce'*!, Y#, and Nb® are not completely converted into the
suspended fraction. It was also shown that at pH > 7 and concentrations in excess of 7 -107!2 no reduction
of the suspended Ce! fraction is observed in sea water. This behavior seems to originate from the re-
duced polymerization of hydrolyzed ions by admixture of secondary materials in sea water. However, there
may exist another reason for the observed behavior. According to [33], the oxidation of Ce3' to the 4+
state is possible in sea water at pH > 7. A genuine colloid of pure dissolvable cerium compounds, e.g.,
cerium hydroxide or cerium phosphate, must therefore be formed.
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Fig. 9. Equilibrium values of the distribution coefficients of Ce!** and Y*! in
the sorption of these elements from sea water on anion-exchange resin
Dowex-1: 1) Ce!%; 2) Y*.

Fig. 10. Influence of iron upon the state of radioactive elements in sea water:
— ——) natural sea water; —) sea water at which 10 pg/liter Fe™ had been
added; @) Ce; O) Y; X) Nb. '

The dependence on the acidity of the sea water is the same for Y* and Nb*® as for Ce!*:.

Figure 8 displays the results of an investigation of the radioactive element distribution in waters
taken from various depths. The Ce!** and Nb% concentrations in the suspended fraction are practically
the same in waters of all depths. The concentration of suspended Y% is-very low (0-10%) in waters taken
from depths of 100 m to 500 m, but is increased (to 40-50%) in waters taken from the surface, from depths
of 4000 m, and waters of deep-sea sediments. Obviously, Y? interacts with certain complex-forming ma-
terials whose concentration increases from the surface to a certain depth but decreases thereafter. It is
possible that these products stem from the decomposition of organic matter. The difference in the de-
velopment of Ce'** and Nb% on the one hand and Y?! on the other must imply a differentiation of these iso-
topes when they are transferred into the deep sea, and must also lead to an increased sedimentation of Ce
and Nb%.

144

Identical Ce!* and Y* concentrations among the suspended and dissolved fractions were obtained
by ultrafiltration and centrifuging. Centrifuging allowed calculations of the average radius of the colloidal
particles, which amounted to 0.44-0.05 u for Ce'* and 0.20-0.05 p for Y.

The results obtained by ion exchange of solutions in double-distilled water supplement each other
and agree with the theoretical conclusions concerning the interaction of pseudocolloidal particles with
anion-exchange and cation-exchange resins [23, 24]. The sorption of the radioactive isotopes considered
by the cation-exchange resin is practically zero at high pH values.

Cerium and yttrium of sea water are retained only by the anion-exchange resin (Fig. 9). At pH = 8.0,
which is characteristic of natural sea water, 80% of the Ce'** and 30% of the Y* in the solution are retained
by the anion-exchange resin. The partial sorption of these elements by the anion-exchange resin and their
absence in the cation-exchange resin probably originate from the formation of negatively charged particles
in the hydrolysis process. The difference in the separation of these elements by ultrafiltration (or cen-
trifuging) on the one hand and ion exchange on the other seems to be related to the formation (in addition to
the negat’vely charged particles of colloidal aggregates) of aggregates consisting of the elements under
consideration on the one hand and phosphates in sea water or dissolved complex compounds with organic
substances on the other. The results agree with those obtained in electrophoretic studies, according to
which negatively charged particles (which at pH < 7 had a positive charge) appear at pH > 7.5.

When the radioactive elements under consideration get into sea water, they undergo hydrolysis and
negatively charged colloidal particles are formed (pH = 7.8-8.2). Apart from this, Y* seems to form neutral
charged particles [sic] with phosphates and dissolved complex compounds with organic binding substances.

Living matter which continuously removes chemical elements from sea water and introduces them
into the biological cycle is one of the components of the sea-water suspension. Iron, whose concentration
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in the suspended matter varies between 0.5% and 19.5% is another important component of the sea-water
suspension (35, 36]. By forming iron hydroxide, iron can participate in the extraction of elements from sea
water. '

The influence of iron upon the state of Cel®, Y®, Nb*, and Tc®® in sea water was therefore investi-
gated with the ultrafiltration technique.

It follows from the results, which are displayed in Fig. 10, that almost 90% of Y*, Ce!%, and Nb%
are converted to the suspended fraction when iron is added to sea water. About 45% of Y*, 60% of Cel44,
and 70% of Nb% are in the suspended state in natural sea water. The presence of iron does not affect the
physical and chemical state of Tc®®. The results prove clearly that the removal of radioactive elements
from the ocean implies certain dangers. The iron is transferred to plankton organisms via their food
intake and hence, the iron per se is a carrier of fission fragments and favors the introduction of the radio-
active isotopes under consideration into the biological cycle.

It was established that the coefficient of accumulation of all isotopes by plankton is in the presence
of iron by an order of magnitude greater than in the sea-water —plankton—isotope system. An influence of
the type of the plankton involved upon the results could not be established .

Apart from biogenic processes, which affect the distribution of the radioactive elements in sea water,
nonbiogenic processes were also studied, i.e., the retention of isotopes by the surface of the suspension
and by deep-sea sediments was considered.

Since the composition of the suspended matter is not a homogeneous function of depth, studies of the
retention of radioactive isotopes by the suspension at various depths were of interest. Samples were taken
from the depths 0, 100, 500, and 4000 m at the point mentioned above and also from the surface in various
areas of the tropical Pacific. It was found that independent of the geographical location of the sampling
point, the Ce!*, Y¥, Nb%, and Te® quantities extracted by the suspension from the water are practically
everywhere the same.

The investigations of the rétention of the radioactive elements by the suspensions sampled at various
depths have shown that the retention depends quantitatively upon the properties of the suspension and its
granulometric composition. It was noticed in the case of the radioactive elements under investigation that
the surface suspension is characterized by minimum retention and that the retention increases propor -
tionally to the depth at which the sample was taken. The maximum retention was determined for a deep
suspension-which has a considerable amount of mineral grains in its composition. It was found that the
retention of the radioactive isotopes was irreversible on those depth levels.

Secondary dissolution, mineralization of the suspensions, and biological processes contribute to the
migration of the radioactive elements retained by the suspension. Due to the rapid sequence of plankton
generations, the radioactive elements are retained again and again by plankton organisms and, hence, re-
main in the biological cycle in which they are transferred from the lowest organisms to higher organisms.
Contrary to the idea of an unlimited dilution of the radioactive elements in the ocean, this transfer poses
a direct danger to men.

In order to determine the influence of deep-sea sediments upon the distribution of the radioactive
elements in the ocean, the most frequently occurring typical silts from the Indian and Pacific oceans were
used as samples. The quantitative extraction of the radioactive isotopes from the sea water by ocean-bot-
tom sediments was studied and it was found that Ce!%4, Y®', and Nb® are almost completely retained by
silts which contain more than 50% kaolite in their finely dispersed fractions. A slightly lower percentage
of the isotopes (about 85%) is bound to the tropical radiolarian fine-aleuritic ooze which contains more
than 16% of amorphous silica in the form of skeleton residues of plankton organisms, namely of Radiolaria
and partial diatoms. The lowest degree of isotope extraction is typical for the low-lime argillaceous silts
(80%). Sediments with a high concentration of calcium (about 60%) and volcanic sands (about 75%) have the
lowest retention of the radioactive isotopes. The ocean-bottom sediments can be classified in the following
fashion, as far as their retention of isotopes from the sea water is concerned: carbonate-free argillaceous
silts > tropical radiolarian fine aleuritic silts > low-lime argillaceous silts > carbonate silts. The data
prove unambiguously that the degree of retention by the ocean-bottom sediments depends directly upon their
surface area and the chemical composition of the sediments. For example, one of the good isotope-con-
centrating substances, namely fine aleuritic silt, has a very large surface (32.5 mz/g) and contains 16.3%

“amorphous silica and 1% calcium carbonate, whereas a carbonate silt which is one of the poor absorbers has
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a total surface of 0.61 m?/g, is free of amorphous silica and consists almost entirely of calcium car-
bonate (93.5%).

The extraction of radioactive elements from sea water by ocean-bottom sediments is a complicated
physical and clemical process which comprises the mechanical retention of colloid particles of the ele-
ments by silts and the sorption of the radioactive isotope fraction which is present in the sea water in
genuinely dissolved form.

The results presented in this article and the data of [5-7] provide the overall picture of the radio-
active contamination of the world oceansduring 1966-1967. The initial conditions for further studies of the
radioactivity in a certain ocean area are stated for each region which was examined for the first time.

The radioactive overall contamination of the surface waters had decreased by 1966-1967 and several
previously detected radioactive spots had become more diffuse. The Sr®® amounts which had been trans-
ferred to the depths of the Pacific exceeded the amount precipitated by global radioactive fallout. Similar
" reliable data were obtained only at a few points in the Atlantic.

Radioactive regions, which are produced in international waters by modern technology, the steady
increase in the number of these spots, the intensity of the contamination, and their area, as well as merging
- of such spots, are alarming circumstances.

In order to obtain a better understanding of what might happen with the ocean and its resources in the
future, the physicochemical and biological processes controlling the removal of radioactive isotopes dis-
charged into the ocean have been studied. Hydrolysis, complex formation, and concentrating in sea-water
suspensions play an important role in the case of the solvable forms of several radioactive elements. The
introduction of artificial radioactive isotopes into the biological cycle may result in an accumulation of
these isotopes in certain sections of the migration chain. Carbonate-free argillaceous silts are the best
absorbers of the radioactive isotopes considered among the various forms of ocean-bottom sediments. The
mechanism of the extraction of these isotopes from sea water is a combined mechanical retention of col-
loidal particles of these substances by ocean-bottom sediments and the sorption of the radioactive fraction
which is present in dissolved form in the sea water. ‘

It follows from these considerations that the discharge of radioactive wastes into the ocean poses a
certain risk. In view of the rapid development of the nuclear industry and energy production, one must al-
ready at the present time provide for efficient measures in order to avert the future radioactive contamina-
tion of the oceans and seas.
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POSSIBILITIES OF EXTENSIVE PEACEFUL USE
OF ATOMIC ENERGY WHILE PROVIDING
RADIATION SAFETY FOR THE POPULATION

Yu. A. Izrael' and E. N. Teverovskii

At the present time nuclear power engineering is based at atomic power plants (APP), which employ
the fission of U%® with thermal neutrons [1]. Its future development is linked with fast neutron reactors
using U8, 1t is expected that the overall use of energy at the year 2000 will constitute 2.1 10" tons of
conventional fuel. The power of an electric power plant will increase to 1.1 -10' W, and the portion of the
APP will rise to 50% (4.3-5.5 -108 MW) (2, 3]. The electrical efficiency of an APP, which is 25-30%, will
rise to 42-45% [2]. Moreover, in the near future the development of new uses of atomic energy in industry
and construction should be expected. '

It is extremely important that the development of nuclear power engineering does not lead to harmful
or dangerous consequences as a result of possible emanation of a certain quantity of radioactive materials
into the external environment. This factor may exert a significant influence (and perhaps a decisive one)
on the development of nuclear power engineering. Although there is not one branch of industry which does
not have such means of protection against possible contamination of the external environment, as in nuclear
power engineering [3], the question of its effect on the external environment is receiving increasing atten-
tion [3, 4]. Increasingly more effective means of protection are applied, estimates are made of the doses
of possible emissions in.the immediate vicinity of the APP, and the harm from the emissions of an APP
is compared with that of enterprises operating on conventional fuel. At the same time, the natural radio-
activity from emission from such enterprises is taken into account [3]. In certain cases the dose from
natural radioactivity in operations using conventional fuel may even exceed the dose from radioactive prod-
ucts emitted by an APP [5].

However, for an evaluation of the prospects for the development of nuclear power engineering, esti-
mates are needed on a global scale, i.e., estimates over the extensive areas encompassing the country
and the continent. It is essential to have a prognosis of the global radiation situation, taking into account
all probable emissions in the realization of possible development programs. It is necessary to deter-
mine the absolute quantity of radioactive products in the natural environment, the doses from these prod-
ucts, and to compare the possible consequences of contamination of the natural environment with that from
nonradioactive harmful materials. '

Damage through the use of conventional fuel is linked mainly with the emission of hamful materials
which form during the combustion of the fuel in the atmosphere. In the operation of electric power plants
and engines which use coal, black oil, and other products from the processing of petroleum, these are mainly
sulfur dioxide and ash, hydrocarbons, nitric oxides, oxides of lead, etc.

For some time power installations throughout the world have been emitting 200-250 million tons of
fuel ash in various soots and nearly 60 million tons of sulfur dioxide annually. The content of toxic
materials in the air of a number of large cities significantly exceeds the permissible values [6].

At present the emission of sulfur dioxide in the burning of coal is 160-2040 g for one ton of .the
burnt fuel. The quantity of ash (taking into account ash trapping) may exceed the indicated values by several
times [6]. According to the data in [6], the approximate formula for determining thé quantity of sulfurous
gas a, which is emitted by an electric power plant into the atmosphere in the burning of black oil, has the
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TABLE 1. The Relation of Calculated Concentrations g to the Maximum Permissible
Concentrations in the Operation of an APP and an Electric Power Plant on Solid or Liq-
uid Fuels

q:MPC (maximum per= .__APP Standard electric power
missible concentra- routine operation accident situation plant

tions) » H3 | Kr8s 1131 Srio Cs137 502 fvolatile ash

On the surface of the
earth . ......... 1078 10-°
Inthe air, , . ....,.. 5.10-6 3.10-3 7.10+¢ 10 10

Maximum amount for
the given form of
. power engineering. . 3.10-3 ~ 10-3 10

Note: The quantities q:MPC are obtained for the assumed values for the altitude of the mixing layer. In changing
the altitude of this layer these values are changed; however their relations to each other (for standard eléctric
power plants and APP's) do not change,

form

a ~ 0.0%a,

where a is expressed in tons/day; p is the power of the plant in MW; « is the sulfur content of the black
oil by %.

If we assume a mean value of @ = 2.5%, then at the present time the annual emission of sulfur di-

oxide by thermal electric power plants (assuming an identical emission per unit of power during opera-

tion, using liquid and solid fuel, at overall powers of ~10® MW) is determined to be equal to approximately
80 million tons, and by the year 2000 it will consist of nearly 450 million tons of SO, and nearly 1.5 billion
tons of ash (at powers of 5.5-10° MW [2]). Of course, the quantity may be reduced somewhat due to the appli-
cation of highly efficient but costly means of purification.

In the operation of an APP, radioactive fission products gradually accumulate in the active zone of
the reactor. The construction of modern plants practically eliminates the entrance of such products into
the surrounding environment in their normal operation {4] (the problem of radioactive wastes is not con-
sidered in this paper). At the same time only an insignificant quantity of gaseous isotopes of induced ac-
tivity —Ar*, C', and H® —may enter the atmosphere. Thus, according to the data of [5], up to 650 Ci/day
of Ar'! are emitted. '

However, according to the data of [7], the radiation dose even in the vicinity of an APP does not ex-

ceed 1% of the allowed dosage. Tritium is formed_in reactors as a result of fission and neutron capture

with nuclei of deuterium and Li® (approximately in equal quantities), and up to 10-30 Ci/ MW ‘year enters

_the atmosphere [8].

It is necessary to note that in the disgolution of spent fuel elements in radiochemical production the
discharge of Kr® (a naturally long-lived inert gas) into the atmosphere is evidently unavoidable. In this
instance calculations must take into account that in the total fission of one ton of U%® (in approximately
800 MW -year of produced electric energy for an APP) 4.2 -10° Ci of Kr®® are formed.

In an accident situation at an APP, emission into the atmosphere of isotopes of iodine and other
relatively volatile isotopes is possible. The greatest emission in the whole history of reactor building
(not less than 10° reactor "years [3]) took place during an accident at Windscale, which was accompanied by
a fire. in the active zone: 2 -10* Ci of I'®; 1.2 .10 Ci of Te'®?; 6 -10? Ci of Cs'®’; 80 Ci of Sr®?; 2 Ci of Sr?
[9]. According to estimates in [10] the frequency of accidents at reactors is less than 1072 for one reac-
tor -year. The probability of large emissions of I'3! is extremely small. In [11] it is assumed that a major
accident (with an emission of several thousand Ci of I'*') may occur once in a thousand years of reactor
operation. A curve estimating the possibility of emanation of I!3! (the dependence of the emission of 1%
on the number of years of reactor operation), is described by the law t°. The degree of danger for in-
cidence of cancer of the thyroid gland for regions with a high population density (up to 5000 people per km?)
is maximal for emanations of 10° Ci of I'*! and consists of three cases [12].

For an-estimate of the global radiation situation due to the development of nuclear poWer engineering '

we will proceed from the following assumptions: 1) by the year 2000 nearly 5 -10° reactors with an average
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power of 103 MW each will be put into operation; 2) the distribution of reactors by land is more or less
uniform; 3) the number of significant accidents with a discharge of nearly 10° Ci of I'*! is equal approxi-
mately to five (one accident for 10° reactor -years) or smaller accidents with a discharge of 10?2 Ci of I8!
—nearly 30 per year. Thus in a year there will be emitted into the atmosphere, as a function of reactor
operation time, up to 5-10% Ci of I, 30-140 Ci of Cs'%", 4-7 Ci of Sr®, 0.1-1.0 Ci of Sr*® [8]. The isotopes
indicated above will, in the course of several days, precipitate out onto the surface of dry land (taking into
account the rate of effective precipitation equal to 0.1-1 em/sec), without succeeding in diffusing throughout
| the entire globe. In calculations it may also be assumed that all these isotopes will precipitate out either
on dry land areas or in the danger zone of reactors (nearly 107 km?, neglecting possible overlap).

The most dangerous isotope in an accident (because of intake through inhalation and with milk) is
1131, the remaining isotopes present a danger mainly because of external radiation (Cs!®?) or in entering
into the organism with water and food (Sr89, Sr9°). In agreement with our calculations and with the data
of [8], contaminations of the surface of the earth leading to a critical radiation dose for the population (for
a year) is 1.0-2.0 Ci/km? for Cs'", 0.06-0.6 Ci/km? for Sr*’, and for I'*! 50 mCi/km? (for children).

In the dissolution of fuel elements nearly 3 -10° Ci for Kr® per year may enter the atmosphere (ac-
cording to the operating level of an APP until the year 2000). Long-lived isotopes of tritium and Kr® will
be uniformly mixed in the lower layer of the atmosphere of the whole earth. The dosage from tritium is
significantly lower than from Kr® and by the year 2000 will average 10~ mR per year for the whole popula-
tion [13]. .

The data averaged over the local affected areas (1 0" km?) for various isotopes (the most dangerous)
are presented in Table 1.

We assumed in these calculations that the diffusion (mixing) of radioactive isotopes, for which con-
centration in the air is critical, occurs in the lower 200 m layer of the atmosphere, and for Kr®® and H?3,
in the 500 m mixing layer (in view of their duration in the atmosphere). In calculations of the contamination
by conventional toxic materials we assumed uniform mixing also in the 200 m lower layer of the atmosphere.
Taking the life time of SO, to equal four days [15] and the expected quantity of its emission into the atmo-
sphere by the year 2000 to be 4.5 -10% tons per year, we have found that in the air above dry land there will
‘occur on the average a constant 10-fold excess of daily mean maximum permissible concentration (MPC)
equal to 0.05 mg/m?. Similar figures (relative to the MPC) are obtained with a calculation of the concen-
trations of volatile ash and other toxic materials. TFor radioactive materials the mean annual concentra-
tion does not exceed 1072 of the permissible concentration.

The data presented in Table 1 show that for the above-indicated energy production, at conventional
enterprises, the dilution of toxic materials up to the permissible level requires a 10°-10 times greater
quantity of air than in the operation of an APP. This relation does not depend on the assumed aititude of
the mixing layer, unlike the values for the excess of the permissible concentration. Although the maximum
contamination levels for radioactive and nonradioactive toxic materials are based on several different prin-
ciples, it must be kept in mind that emissions of toxic materials (both radioactive and nonradioactive) may
lead both to an immediate harmful effect on the population and to definite genetic effects [16].

We also note that the use of atomic energy does not require the consumption of oxygen necessary for
the combustion of conventional fuel and does not lead to the continuous growth of the content of carbon di-
oxide in the atmosphere.

Thus it is possible to conclude that the development of atomic power engineering guarantees the pres-
ervation of sufficient purity of the external environment, and, moreover, the replacement of energy gener-
ated with conventional fuel by atomic energy leads to a significant decrease in the contamination of the ex-
ternal environment by toxic materials and the improvement of the sanitary conditions of the inhabited en-

vironment.
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THE USE OF ACCELERATORS IN MEDICINE
AND THE NATIONAL ECONOMY

E. G. Komar

|

|

‘ The use of accelerators of charged particles in medicine is extremely effective in conjunction with

» other methods of therapy. The use of accelerators for practical purposes in industry and agriculture per-
mits a number of new technological processes to be carried out and substantially reduces the cost of pro-
duction. Moreover, expenditures for the installation of accelerators usually pay for themselves during the
first year of operation. Despite this, accelerators are still used to a limited extent. Three reasons for
the slow development of accelerator radiation technology might be mentioned.

First of all, reliable, cheap, and convenient-to-operate accelerators have appeared only in recent
years. At the present time, the industry of many countries, including the USSR, is already producing ac-
‘celerators in sufficient numbers and assortment to fully satisfy the growing demand.

The second and evidently most important reason is the negligible number of technological processes
developed. '

And finally, the third reason is associated with the insufficient knowledge of specialists and is of a
purely psychological nature. This is the fear of radiation processes, the lack of confidence of their ef-
fectiveness and safety. However, the statistics of recent years shows that the number of accelerators being
put into operation is increasing. This is understandable, since: '

1) accelerators can be shut off at any moment, after which they are safe, and they permit examina -
tion, repair, and other work;

2) the energy, intensity, and type of radiation can be varied within broad limits, according to a present
program; '

3) the radiation flux can be directed with the aid of electromagnetic lenses, scanning devices, etc;

4) any beams, as powerful as desired, necessary for the production of high -output of processes, can
be produced with accelerators;

5) accelerators have a high coefficient of utilization of the beam, of the order of 70%.
The irradiation output can be computed according to the following well-known formula:

eP !
M=—,
where M is the output of the installation, tons/h; € is the coefficient of utilization of the beam; P is the
power of the beam, kW; R is the dose received by the product, Mrad.. Thus, for example, an accelerator.
with a power of 10 kW at a dose of 20 Mrad and € = 0.75 can irradiate 125 kg of material per hour. The
disinfestation of grain requires a dose 1000 times smaller (20 krad). In this case, an accelerator with a
power of 10 kW can irradiate 125 tons of grain per hour.

The shortcomings of electronic accelerators include the comparatively low depth of penetration of
electrons into the material to be irradiated. As is well known, the depth of penetration is

0351

l T

State Committeee on the Use of Atomic Energy of the USSR. Translated from Atomnaya Enefgiya,
Vol. 31, No. 4, pp. 426-429, October, 1971. '
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TABLE 1. Basic Medico-Technical Charac- where W is the energy of the electrons, MeV: d is the

teristics of Linear Accelerators and Beta- density of the substance, g/cm?®. When W = 10 MeV, d

trons \ =1 g/cm3, ! =3.5cm. For most processes, the indi-
. L j_jos‘e rate of g cated depth is sufficient. Many processes require surface
g g > t;’;‘;zi?ga f;i‘:ia' ) irradiation. In a number of cases the thickness of the ma-
& € = lanceof1m, |E = terial is small (film, ribbon), and therefore the use of

Accelerator 4 & s R/min i 5 § low-energy accelerators, up to 1 MeV, is possible. When
k) k) § . g %0 g P it is necessary to irradiate materials of greater thickness,
B B ol 3 7 23 § EN the electron radiation can be converted to powerful brems-
e | B5lsE|sE|35E strahlung.

LUE-5 5 5 | — | 300 |18xt8 Electron Accelerators for Medicine

LUE-15 15. 15 — 300 [30x30

LUE-25 10301 Ju.35 ) 50--500) 50—500) 20220 At the present time, three models of linear electron

B5SM=25 10—23 | 725 | 300 40 (1818 - accelerators (LUI:] -5, LUE—15, and LU§—25) and two

BIM-45 10—45 | 1042 | 500 125 ]20x20 models of betatrons (B5M-25 and B1M-45) are being de-

veloped, manufactured, and are in operation in medical
institutions in the Soviet Union. The basic medico-technical characteristics of these accelerators are cited
in Table 1.

The LUE -5 accelerator permits static and rotation irradiation to be conducted. It operates in a sys-
tem of bremsstrahlung and has an outlet of electrons for research work. Multiyear operation of the ac-
celerator under clinical conditions has demonstrated the high reliability of operation of the equipmeént.
Usually up to 50 sessions of irradiation are conducted per shift.

The LUE -25 accelerator is a universal medical apparatus, providing precision radiotherapy with
bremsstrahlung and electrons. The formation of the radiation fields of irradiationis produced by two
therapeutic heads, permitting the creation of a bremsstrahlung field of any configuration and the production
of a field of electrons without admixture of bremsstrahlung by the method of static electromagnetic scatter-
ing. »

The development of a linear electron accelerator (LUE -15) for medical purposes, which will permit
static tangential, and rotational —tangential irradiation, is now being completed. The dose rate is varied
according to a set program, depending on the position of the radiation source. The small size of the elec-
tron spot on the target, as well as the precision collimation of the bremsstrahlung beam, permit the pro-
duction of the uniform radiation field of any configuration with sharply outlined boundaries. The accelerator
provides for systems of automatic introduction into the system, and detection of breakdowns.

The type of B6M-25 betatron is series-produced by industry; the type B1M-45 betatron is in the de-
velopment stage. This machine permits static, rotational, and tangential irradiation. Both machines have
remote control by collimating diaphragms and light indication of the dose field.

Accelerators for Practical Purposes

General Characteristics of Accelerators. Table 2 presents the basic characteristics of several ac-
celerators manufactured in the USSR and used for flaw detection, activation analysis, the creation of new
technological processes, increasing the productivity of agriculture, as well as for other practical purposes.

The technological processes, permitting a large dose rate, can be provided for by accelerators of the
Elite (electronic pulsed transformer) type. However, in a number of cases the pulsed and average powers of
the beam may not differ significantly. Certain technological _processes do not permit large dose rates. In
these cases it is necessary to select accelerators of the RTE (resonance transformer — accelerator of
electrons), Elektron (cascade amplifier of voltage with inductive feedback), and KG (cascade generator)
types. An accelerator of the Elektron type is supplied with its own biological shield and can be set up in
any room.

Flaw Detection. Flaw detection of castings, rollings, welded seams, and other elements of objects,
the strength of which should be guaranteed, can be carried out with the accelerators cited in Table 2 under
the Nos. 1, 3, 4,and 10-14. The basic indices of these accelerators are the dose rate of x-radiation and
the cross-sectional dimensions of the beam on the target. The first number determines the time of expo-
sure, the second, the sensitivity of the method. Thus, for example, for an RTD-1 accelerator, at a dose
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TABLE 2. General Characteristics of Accelerators for Practical Purposes : 1

Energy of { Average | Pulsed Yield of x |, o1alSize of accelerator

radiation at s §
No. in|Name of acqI'ype of accel- ?ec;eellzréH power in | power in afdlistanfce of beam |m ° §
. = Q m from| =Y
order |celerator  ferator trons, bearm, |beam, |go target, of target, diameter| length ‘:3,‘08 a |
| MeV kW kW R/min mm 1z 388
‘ _
1 [RTD-1 Resonance 1,0 3 18 60 0,25 0,9 1.5 0,9
) transformer :
9 |Elektron-1 |Transformer 0,7 7 7 — — 0,7 3,0 §,0
3 |Elite-500 |The same 0,5 1 700 18 — 0,3 0,5 | 0,04
4 1Elite-1 n n 1,0 8 10 000 360 —_ 0,4 0,6 0,12
5 (Elite-3 " on 2.5 10 40 000 — — 1 1,3 0,8
6 (ELT-2 LI 1,5 25 215 — — 1,3 2.4 7,0
7 |KGE-2.5 [Cascade gen- 2,5 20 20 C o= — 3,0 .8,20 32,0
erator
8 |LUE~8~5V [Linear accel- 8,0 5 3500 — - 7,0-0,7-1,75 | 2,0
i erator
9 LUE-]_S-Q The same 13,0 9 11000 — — 5,5-4,5-2,35 5.0
10 [LUE-10-1 |Linear accel- 10,0 1 1 000 2 000 1,5 2,75-1,0.0,8 2,0
R erator
11 |LUE -15-1.5{The same 15,0 1,5 1 500 10 000 2,0 4:5.1,5-2,0 5,5
12 |B-25 Betatron 25,0 — — 40 — 2,5
13 [B~35 The same 35,00 —_ — 250 — — 5,0
14 |B-50 " om 50,0 — — 800 — — 20,0

rate of 60 R/min and cross -sectional dimensions of the beam 0.25 mm, the sensitivity during radioscopy
is better than 2% of the thickness. This means that at a thickness of steel of 150 mm, inhomogeneity of the
structure of the metal with dimensions 3 mm can be detected.

The most powerful flaw detectors of the machines indicated in Table 2 are accelerators Nos. 10 and
11, in which the dose rate is equal to 2000 and 10,000 R/ min, respectively, at a distance of 1 m from the
target. These accelerators permit radioscopy of large objects at high sensitivity within a few seconds.

Activation Analysis. Activation analysis is one of the effective regions of application of the accelera-
tor technique. It is used in metallurgy and geological prospecting for rapid and accurate analyses of the
content of elements. There are transportable and stationary activation analysis laboratories.

Transportable laboratories are used for work under field conditions. In the Soviet Union, a generator
of the NGI type, with vacuum exhaust tube, ismanufactured for these conditions in two variations: with a
grounded target and with a target under voltagé. The generators operate in a pulsed system with pulse
duration 1-2 pusec and a frequency of 10-30 Hz. The neutron flux density directly around the target is of
the order of 107 neutrons/cem?, which is quite sufficient for work under weld conditions. The neutron energy
is 14 MeV. The sensitivity of the generator is 0.5% in the case of the determination of aluminum in ores,
0.05% for copper, 1.5% for titanium, and 1% for manganese. The sensitivity in the determination of the
oxygen content-in copper is 1 1073, Neutron generators of the NG -150 type are distributed for stationary
activation analysis laboratories. The basic data on this generator are cited below:

Accelerator voltage.............. ..ol 150 kV
Current of ion beam on the target .......... e 3 mA
Diameter of beam on the target ............... 5-25 mm
Neutron flux in the D—T reaction.............. 2 -10*! neutrons/ sec
Consumable POWET . ..o v i v irinnerirnnnss 8kV-A
Water consumption .. .......oviniiiniin, 350 liters/h
Weight of accelerator .............. e 0.5 tons

Total weight of neutron generator ............. 1.3 tons

The stationary laboratory based on this generator permits the analysis of the oxygen and nitrogen
content with a sensitivity to 1 -107°%. '

The compact cyclotron now being developed in the USSR can be used as a universal source of various
types for activation analysis. The basic parameters of the cyclotron are cited below:

Energy of helium-3ions......... .ot iiiiiiiniiinnn .. §-26 MeV
Energy of protons. .. ...covit it innnt i 5-18 MeV
Energy of deuterium ions........ ST e 3-10 MeV

1183

Declassified in Part - Sanitized Copy Approved for Release 2013/02/26 : CIA-RDP10-02196R000300090002-1



ing to stimulate germination and before loading in the warehouse to suppress germination.

Declassified in Part - Sanitized Copy Approved for Release 2013/02/26 : CIA-RDP10-02196R000300090002-1

The cyclotron has a high intensity of the inner and outer exit beam of up to 1 mA and 50 uA, respec-
tively.

Certain Radiation Technological Processes, Developed and Used in the USSR. Let us enumerate
briefly some of the radiation processes that have now been developed, are being used, or are beginning to
be used on the basis of the accelerators cited in Table 2. Here we shall not mention the processes that
are now in the stage of research and development.

1. As is well known, the treatment of polyethylene at a dose of 10-30 Mrad increases the thermal
stability of the material to 250-300°C with conservation (and even improvement) of its mechanical and elec-
trical properties. This process is used in the production of thermally stable cables and film, used by vari-
ous branches of industry and agriculture. The energy of the accelerator is selected, considering the thick-
ness of the material. '

2. The preparation of linear accelerators of the LUE-8-5V type (see No. 8, Table 2) for the sterili-
zation of products is being completed. The sterilization of surgical instruments and other medical equip-
ment is proposed. The irradiation dose in sterilization is 2.5-3 Mrad.

3. The use of a radiation chemical process for the production of glass plastic is being suggested.
This process will simplify the technology and improve the quality of the product. The labor efficiency is
increased by 2.5-fold in comparison with the chemical method of production. The necessary irradiation dose
is 7 Mrad.

4. Radiation treatment of rubber during its vulcanization ensured high resistance of the praduct to
aging and wear. As the investigations indicated, for individual varieties of rubber this stability is increased
by 20-30%.

5. The technology has been developed and the production of a self-adhesive insulation tape of poly -
heterosiloxane, 0.2-0.5 mm thick, has been begun. The new tape will replace the traditional mica tape in

electrical machine production. After electron irradiation at an energy of 500 keV with a dose of 5 Mrad, the

tape becomes sticky. After two days, insulation made out of this tape becomes monolithic without any ad-
ditional treatment. Such insulation can operate for long periods at a temperature of 300°C and briefly at
600°C. The cost of the new insulation is half that of the usual insulation, made from mica. A 500 keV
cascade generator, the data for which are not cited in Table 2, is tsed as the accelerator in the production
of the self-adhesive tape. : :

The Use of Accelerators in Agriculture

As an example, we shall discuss here only one line — the electron irradiation of potatoes before plant-

Irradiation of Potatoes. For seven years laboratory, greenhouse, field, and farm experiments on the
irradiation of potato tubers with electrons have been under way in the USSR. The optimum energy of ir-
radiation has been determined: 0.7-1.0 MeV. At this energy, the electrons penetrate to a depth of 3-4 mm
into the tuber. The dose absorbed by the inner layers of the tuber and associated with bremsstrahlung does
not exceed 0.1% of the dose received by the surface layers. Thus, in electron irradiation, the mass of the
potato consumed for food is practically not irradiated.

Irradiation can be used to achieve two purposes: 1) irradiation of seed potato before planting to in-
crease the yield; 2) irradiation of potato tubers before loading in the warehouse to prevent germination and
spoilage.

At low doses of irradiation (75-300 rad), there is a stimulation of growth processes, leading to an in-
crease in the yield from 15 to 30% or more, as well as to an increase of 1.5-2% in the content of dry sub-
stances, 1-1.5% of starch, and 4-5 mg % of vitamin C. In the case of irradiation with higher doses (10-20
krad), as a result of the suppression of growth processes, the periods of storage are substantially increased
(practically to a new level) without any deterioration of the qualities of the product. In the case of irradia-
tion of tubers in October with a dose of 20 krad and storage until September of the following year, the starch
content is reduced by only 2.5%. In control, nonirradiated tubers this content is reduced by 24.9%. The
vitamin C content in the irradiated tubers is also greater than in the nonirradiated tubers. It is suggested
that the RTD-1 (see No. 1, Table 2) be used as the accelerator for the irradiation of potatoes in the mass
application of this process.
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Now a method has been déveloped for the treatment of patients with accelerators, and requirements
have been formulated for the corresponding complex accelerator installation.

Many technological processes using fluxesof charged particles have already been developed, and the
requirements for the corresponding apparatus have been formulated. Research work on the creation of

new processes and new directions of the use of accelerators is continuing. Therefore, we should expect
that in the immediate future the use of accelerators in medicine, industry, and agriculture will develop at

a rapid rate.
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INTERNATIONAL COOPERATION OF THE USSR IN THE
FIELD OF THE PEACEFUL USES OF ATOMIC ENERGY

G.S. Afonin, Yu. G. Balasanov,
I. D. Morokhov, B. A. Semenov,
and I. I. Smolin

The seven-year period that separates us from the Third International Conference on the Peaceful
Uses of Atomic Energy has been marked by the further development of atomic science and technology and
the expansion of international cooperation. :

During this period the Soviet Union has invariably presented proposals directed toward the allevia-
tion of international stress, the strengthening of peace and cooperation, and the guarantee of the use of
atomic energy for the welfare of progress and constructive development.

An extremely important practical step in this direction was the Moscow Treaty on the prohibition of
nuclear weapons testing in three media (1963), which eliminated the most hazardous source of artificial
radiation, capable of damaging the health of humans and doing irreparable harm to man's environment, as

well as the Nuclear Arms Limitation Treaty (1970), which, reducing the danger of the unleashing of nuclear -

warfare, is opening up new prospects for the peaceful use of atomic energy, with the proper considera-
tion of the needs of the developing regions of the world. Chairman of the Council of Ministers of the USSR,
A . N. Kosygin, noted in his speech in the ceremony of signing of the agreement that participation of a wide
circle of states in the signing of the treaty convincingly indicates that mutually acceptable solutions to
complex international problems, vitally important to all mankind, can be found by the states.

At the present time, science has achieved a level of development such that many scientific problems
can be solved only through creative cooperation, unification, and coordination of efforts at the international
level.

The Soviet Union has unswervingly spoken out for such international cooperation in the field of the
use of atomic energy, which would fully correspond to the aims and principles of the United Nations Charter,
the International Atomic Energy Agency (IAEA), and the premises of the Nuclear Arms Limitation Treaty,
since only on the basis of equality and a consideration of the interests of all countries is fruitful coopera-
tion, promoting economic and social progress of all mankind, possible.

The Soviet Union is participating in scientific and technical cooperation with the socialist, developing,
and industrially developed countries, as well as with international organizations. Each of these directions
includes various forms of cooperation: conducting joint scientific research and experimental work with
specialists from socialist and capitalistic countries, on the basis of bilateral and multilateral agreements;
the rendering of technical aid and assistance in the creation of national atomic centers in socialistic and
developing countries, the participation of Soviet scientists and specialists in international conferences,
symposia, meetings of -experts, and seminars; conducting mutual acquaintance visits on concrete topies
of atomic science and technology; international exchange of scientific and technical information; the par-
ticipation of the USSR in foreign exhibitions.

Cooperation with Socialist Countries. As is well known, back in 1955 the first agreement of the Soviet
Union with socialist countries on a bilateral basis for cooperation in the field of the peaceful uses of atomic
energy were concluded. ‘

State Committee on the Use of Atomic Energy of the USSR. Translated from Atomnaya E'nergiya,
Vol. 31, No. 4, pp. 430-438, October, 1971.
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The main goal in those years was the rendering of aid by the Soviet Union in the creation of the scien-
tific and technical base necessary for them, in the training of personnel for the development of national |
atomic science and technology, in the construction of nuclear research reactors, accelerators of elementary
particles, physical and radiochemical laboratories. As a result of such cooperation, national atomic cen-
ters were created in the People's Republic of Bulgaria, the German Democratic Republic, the Hungarian
People's Republic, the Polish People's Republic, the Czechoslovakian SSR, the Socialist Republic of Ru-
| mania, and the Socialist Federated Republic of Yugoslavia, equipped with the most modern types of re-
search reactors, accelerators of elementary particles, and other nuclear installations, aiding in conducting
scientific research work at the most modern level. Soviet specialists, who transmitted their knowledge
and experience to specialists in the brother countries, took part in the construction, assembly, adjustment;
and starting of these installations. :

The creation of atomic centers and their activity has promoted a broader development of scientific
research, engineering developments, and subsequent organization of new institutes and nuclear installations
in the socialist countries.

Enormous possibilities for peaceful cooperation have been vested in the socialist construction
itself. These possibilities are determined by the complete harmony of interests of all the socialist
countries, united by common goals. It is precisely therefore, that the forms of scientific cooperation have
been expanded and improved with each passing year. This circumstance has found expression in the content
of new agreements with the socialist countries enumerated above, with a further development of coopera-
tion in the field of the use of atomic energy for peaceful purposes.

In January 1969, the opening of the atomic center of the republic of Cuba was held; it was created with
the technical aid of the Soviet Union on the basis of the 1967 agreement.

All the agreements are based on premises of conducting joint scientific research work in the field of ‘
nuclear physics, solid state physics, the physics and technology of nuclear energy reactors, plasma physies, !
radiochemistry, the development and organization of the production of- radioisotopic instruments, etc. ‘
An exchange of scientific and technical information, the accepting of apprentices, the holding of mutual con-
sultations, the supply from the USSR and mutual supply to one another of special materials and equipment s ‘
for conducting scientific research work are also being carried out. ‘

|
\

The most important trend in the development of scientific and technical relations with the socialist
countries is the cooperation in the field of atomic energetics. Agreements for the construction of atomic
electric power plants provide for close mutual cooperation of scientists, engineers, and specialists par-
ticipating in the development, planning, and installation of atomicelectric power plants, the exchange of in-
formation and technical documentation on work and investigations performed, as well as the holding of
bilateral consultations, associated with the creation of atomic electric power plants.

In accord with the agreement with the German Democratic Republic (1956), the Soviet Union has
rendered technical aid in the construction of a 70 MW atomic electric power plant with a water —water type
reactor in the region of Reinsherg. In 1956 the atomic electric power plant was put into operation, and
it has already been operating successfully and reliably at the plant capacity for five years.

In July 1965, a new agreement was concluded for further expansion of cooperation in the installation
and introduction into operation of atomic electric power plants with a total electric capacity of 2000 MW
in the German Democratic Republic by 1980. The first stage in the implementation of this plan is the in-
stallation of the Nord-1 Atomic Electric Power Plant, with a capacity of 800 MW, consisting of two units
with VVER type reactors. The first unit is planned for introduction into operation in 1973, the second in
1974. The startup of two units of the Nord-2 Atomic Electric Power Plant with analogous capacity is planned-
for 1977~1978.

Work on the preparation for startup of the first atomic electric power plant in Czechoslovakia, with
a capacity of 150 MW, with a vessel-type reactor with gas cooling on natural uranium, is in the concluding
stage. In the course of joint cooperation, Soviet and Czechoslovakian scientists, engineers, and specialists
have successfully performed complex technical tasks, associated with the development and preparation of
the entire complex of equipment for the atomic electric power plant. On the basis of the experiénce ob-
tained, the industry of the Czechoslovakian SSR has developed the production of high-pressure vessels and
other technological equipment. '
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In 1970 a new agreement for construction of two atomic electric power plants w1th a total electrical
capacity of about 1700 MW, consisting of four units with reactor installations of the VVER type, by the Soviet
Union in the Czechoslovakian SSR, beginning with 1977, was signed.

In 1966 agreements were also concluded on the installation of atomic electric power plants in the
People's Republic of Bulgaria and the Hungaman People's Republic, with an electrical capacity of 800 MW,
each of which consists of two units with VVER reactors, and in 1970 an agreement was made with the Socia-
list Republic of Rumania on the construction of an atomic electric power plant with a VVER-440 type reac-
tor.

Thus, thanks to the wide and fruitful cooperation in the socialist countries, with the aid of the USSR,
a large scientific and technical base in the field of atomic energetics has been or is being created, including
scientific research and design and planning institutes, factories and enterprises, which can solve complex
scientific and technical problems in this field.

The cooperation of the USSR with the socialist countries is not limited only to bilateral agreement.

In connection with the creation of the scientific and technical prerequisites, new problems have arisen
associated with the utilization of the achievements of atomic science and technology in various branches of
the national economy. The solution of such problems has required considerable facilities, extensive in-
stallations, instruments, apparatuses, and materials. The need has arisen for resolving certain very im-
portant scientific and technical problems through joint efforts.

In 1956, through the combined efforts of the socialist countries, the UnitedInstitute of Nuclear Re- '
search (OIYal) was set up in Dubna to provide for joint technical and experimental investigations in the field
of nuclear physics. And for 15 years this institute and its multinational group of scientific co-workers has
already been conducting important and interesting investigations, the results of which are being utilized by
all the countries participating in this institute. OIYal is conducting many of its studies in collaboration
with scientific research institutes of the member countries. The cooperation of OI'Yal with the scientific
institutes of the Soviet Union is bringing great profit to both countries.

An example of such close cooperation can be found in the joint scientific research work of OI'Yal and
the Institute of High-Energy Physics of the State Design Institute of Atomic Energy (GKIAE) of the USSR on !
the Serpukhov accelerator.

In 1970 an agreement was concluded between OIYal and the State Committee for scientific and technical
cooperation, according to which both sides were obligated to promote the further development of cooperation
in the field of nuclear physics, ensuring maximum and effective utilization of the accelerators, research
reactors, apparatuses for information processing, and other experimental and research installations avail-
able to them, as well as to create new equipment for these purposes. Bilateral agreements with a defini-
tion of the subject matter of research, periods for conducting experiments, etc.,will be concluded between
OIYal and the institutes of the State Committee for the performance of these tasks.

Successful cooperation of Soviet scientists with scientists of the socialist countries is continuing within
the framework of the permanent commission of the Council of Economic Mutual Aid for the use of atomic
energy for peaceful purposes, formed in 1960, in the work of which delegations of the People's Republic of
Bulgaria, the Hungarian Peopie's Republic, the German Democratic Republic, the Polish People's Republic,
the Socialist Republic of Rumania, the Czechoslovakian SSR, and the USSR are participating.

The goal of the commission is to aid the further development of 1aultilateral economic and scientific
and technical cooperation among the member countries of the Councﬂ of Economic Mutual Aid in the in-
terest of the planned application of atomic energy.

The permanent commission is organizing the most important scientific research work and engmeermgr
developments in the field of reactor science and technology and atomic energetics, nuclear instrument con-
struction, the production of isotopes and sources of nuclear radiations, the use of radioisotopic methods and
apparatus, radiation safety and shielding techniques, the removal of radiocactive wastes, and other inter-
esting and important problems. For the better organization and coordination of work on the use of atomic
energy and the satisfaction of the growing energy requirements of the member countries of the Council of
Economic Mutual Aid, many of which do not have large resources of classical fuel, a special working group’
of specialists on problems of design, installation, and operation of atomic electric power plants has been
created within the framework of the commission.

!
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This group has developed a plan for the coordination of scientific and technical research, which has
provided for the investigation of 37 topics, including 10 topics in reactor technology and nuclear energetics.
The Soviet specialists have participated in the studies on:

the investigation and development of new energy reactors and the improvement of existing ones on
thermal neutrons with an electrical capacity of more than 400 MW, especially reactors with water under
pressure;

the investigation and planning development of an energy reactor on fast neutrons with various coolants,
with an electrical capacity above 1000 MW;

the development and investigation of the technology of the production and regeneration of nuclear
fuels;

investigation in the field of the production of new reactor materials, special equipment and means
of radiation protection and safety of energy reactors, ete.

Soviet specialists are participating in modern scientific research work within the framework of the
permanent commission of the Council of Economic Mutual Aid for the production and use of isotopes, labeled
compounds, and radiation sources, in the field of nuclear physical instruments and radioisotopic apparatus,
on problems of radiation safety and shielding techniques, the detoxification of liquid, solid, and gaseous
radioactive wastes, the deactivation of contaminated surfaces, etc.

The member countries of the Council of Economic Mutual Aid are also cooperating widely in the field
of nuclear instrument construction.

By now the total volume of production of articles of nuclear instrument construction in the member
countries of the Council of Economic Mutual Aid is more than 65 million rubles, with an assortment cover-
ing more than 100 types of instruments and up to 1000 names. The total nomenclature of radioisotopic
production covers more than 5000 preparations and radiation sources.

In 1970 a program of further strengthening of cooperation in the field of isotopic production for 1971-
1975 was adopted at the 18th meeting of the commission. The program provides for complex solution of
problems of specialization and cooperation, unification and standardization, scientific and technical colla-
boration, and improvement of the system of information.

Cooperation in the field of nuclear medicine, radiationprocesses, and installations is also being
developed and improved.

The cooperation of the socialist countries in the field of the peaceful atom within the framework of
the Council of Economic Mutual Aid is developing inseparably with the trend of establishment of concrete
practical relationships the constant mutual search for means of solving new tasks and problems.

Cooperation with Developing Countries, Plans for the use of atomic energy for peaceful purposes
are becoming a powerful stimulus for economic and technical progress of the developing countries. The
implementation of this goal is largely promoted by the scientific and technical cooperation of these coun-
tries with the USSR on the basis of bilateral agreements and within the framework of the IAEA.

The Soviet Union, ekpanding cooperation with the developing countries, is striving to share its ex-
perience with the scientists of these countries to render technical assistance in the creation of natural
scientific research centers and the training of local personnel for independent scientific research.

The Scientific Research Atomic Center created in 1961 close to Cairo, on the basis of an inter-
governmental agreement of the USSR with the United Arab Republic, has substantially expanded the topics
of joint studies included in the plan of investigation of thermophysics and plasma physics in recent years,
and has also increased the volume of research on the use of radioactive isotopes.

The center includes an experimental water —water reactor with a capacity of 2000 kW, a highly stable
electrostatic accelerator with an energy of 2.5 MeV, as well as shops and special laboratories for conduct-
ing research work in the field of nuclear physics, chemistry, metallurgy, and biology.

From 1964 up to the present time, about 100 scientific works have been ¢onducted at the atomic center
of the UAR. Soviet scientists have delivered more than 400 lectures to Egyptian specialists and have held
many seminars. In 1963, the Middle East Regional Radioisotope Center was founded on the basis of the
atomic center in Cairo, and 13 countries are participating in its work.
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A center of nuclear research has also been created in Iraq with the aid of the Soviet Union, with a IRT-
2000 type reactor, which was started up in 1968. The center has a division for the production of radioactive
isotopes, divisions of physics, geology, radiation safety, biology, and agriculture, as well as repair and
technical services. About 50 Soviet specialists were detailed to render aid in the construction, assembly,
and adjustment of the equipment sent to Iragq.

In 1969 a protocol was signed for Iraq for-further expansion of scientific and technical cooperation
in the field of the peaceful use of atomic energy. Modernization of the research reactor, aimed at in-
creasing the reactor power, is prov1ded for.

In 1970 an agreement for cooperation, providing for mutual exchange of spemahsts and experts on the
technology of nuclear energy reactors, the production and processing of nuclear fuel, the exploration and
mining of nuclear raw material resources, investigations in various fields of atomic science and technology,
the technology of dual purpose nuclear energy installations, etc., was concluded between the GKIAE of the
USSR and the Atomic Energy Commission of Pakistan. The State Committee will each year send up to five
stipends for the specialization of Pakistani scientists and their acquisition of practical experience in Soviet
scientific research institutions and will render 4id in the acquisition of the necessary equipment in the
USSR.

Promoting the development of nuclear energetics of the Republic of India, the Soviet Union, in ac-
cord with the 1961 agreement, sent complete technical documentation to India for a fast neutron reactor
with an electrical power of 50 MW. An exchange of delegations of specialists between the USSR and India
is also being effected.

The Soviet Union is rendering considerable support to the developing countries, participating ac-
tively in the realization of the program of technical aid of the IAEA, the importance of which is increasing
substantially in connection with the statement on the strength of the Nuclear Arins Limitation Treaty, since
refusal to produceandacquire nuclear weapons permits developing countries to free themselves of large
nonproductive expenditures and creates additional possibilities for the use of available resources for eco-
nomic and social progress.

The Soviet Union has also placed at the disposal of the IAEA contributions of a total sum of 712,500
rubles in the form of shipments of installations, equipment, materials, instruments, and articles to de-
veloping countries.

The Soviet Union has provided the JAEA gratis with a special contribution in the form of equipment
for four radiological centers: in 1967 in Morocco, in 1968 in Pakistan, in 1970 in Iraq; in addition, a reso-
lution has been adopted for the construction of a center in Burma in 1972-1973.

The Soviet Government has adopted a resolution to increase the contributions of the USSR to the fund
of technical aid of the TAEA in 1971 from 150 to 250 thousand rubles for the acquisition of equipment, in-
struments, and materials, as well as for the holding of conferences, scientific acquaintance visits, courses,
and seminars in the USSR.

At the present time, all 20 stipends (up to one year each), provided in 1966 at the disposal of IAEA
for the training of specialists from developing countries, members of the Agency, in the scientific research
centers of our country, have practically been realized. In 1970, at the 14th session of the General Con-
ference of the IAEA, the Soviet Union provided the Agency with ariother 25 stipends. The USSR has also
confirmed its readiness to provide 10 stipends each year for the training of specialists for work on instal-
lations conducted with the aid of the USSR, or for conducting joint work within the framework of bilateral
agreements with these countries.

In accord with the program of development of the United Nations Organization and the regular pro-
gram of the IAEA, the Soviet Union has sent highly qualified consulting experts to the developing countries
to render aid in the field of radiation safety, the irradiation of food products, the use of radioactive iso-
topes in hydrology, immunology, accelerator and reactor technology, nuclear physics, for the analysis
of nuclear raw materials, etc.

Interest of the developing countries in participating in scientific acquaintance visits in the Soviet
Union, attending week-long seminars, is increasing. In the last three years, seminars on the use of iso-
topes in 1ndustry, problems of handhng radioactive wastes, radioisotopic methods of measurements (in
vivo) in medicine, the use of isotopes and radiations in agriculture, and on standardization of radiation
dosimetry have been organized at the request of the JAEA. Each group included about 25 foreign specialists.
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Cooperation with Industrially Developed Countries. During the past period, an expansion of the co-
operation of the USSR with industrially developed countries in the field of the peaceful use of atomic energy
has been observed. The conclusion of agreements for cooperation with the United States, England, France,
Canada, Italy, Sweden, Belgium, Holland, and Denmark has been an important step along the way of estab-
lishing closer working contacts in the field of atomic science and technology.

The same goals have largeiy been promoted by an exchange of delegations at the level of supervisors
.of national atomic commissions, as well as scientists and specialists for acquaintance and for conducting
joint investigations on individual scientific problems.

In accord with the memorandum on cooperation in the field of the peaceful uses of atomic energy
between the GKIAE of the USSR and the AEC of the United States, a mutual exchange of delegations on nu-
clear reactors, plasma physics, solid state physics, nuclear physics, problems of burial of radioactive
wastes, etc. has been made. Since May 1970, a joint Soviet—American experiment on pion—electron scat-
tering has been under way at the Institute of High-Energy Physics (IFVE, Serpukhov).

An exchange of delegations on industrial radiation problems and work on the use of energy beams for
the_heating of plasma has been agreed upon, and an exchange of scientists for conducting joint work in the
field of plasma physics and controlled thermonulcear synthesis is being effected

In the development of the memorandum on cooperation, a protocol was signed in Washington in 1970
between the GKIAE of the USSR and AEC of the United States for conducting joint work in the field of high-
‘energy physics on the accelerators of the IFVE (USSR) and the National Accelerator Laboratory (Batavia).
Negotiations for conducting joint experiments on proton—proton small-angle scattering on the accelerator

" in Batavia are now under way. :

In addition, on the basis of a mutual agreement, three stages of Soviet—American technical negotia-~
tions on the peaceful uses of nuclear explosions have been conducted in Vienna, Moscow, and Washington.

The agreement for cooperation of the atomic organizations of England and the Soviet Union, signed
in 1961, now extends up to 1976. In accord with the agreement, an exchange of delegations has been held
to foster an acquaintance with work on nuclear physics, plasma physics, accelerators, high energy physics,
radiation safety, etc. '

Agreement has also been achieved for cooperation in the field of energy reactors and reactor mate-
rials. A new stage has been the conducting of joint experiments at the I. V. Kurchatov Institute of Atomic
Energy for the measurement of the electronic temperature of plasma on the Tokamak-3 installation with
the aid of a laser beam.

Scientific and technical cooperation with France in the field of the peaceful uses of atomic energy is
being implemented onthebasis of the 1967 agreement, which was extended several times, expanding the
" base for exchange of delegations, information, and for conducting joint scientific measures.

A parallel agreement has been implemented between the GKIAE of the USSR and the Atomic Energy
Commission of France, signed in 1966, for conducting joint scientific research work in the field of high-
energy physics on the Soviet proton accelerator with energy 70 GeV in Serpukhov, using the French Mirabel
liquid hydrogen bubble chamber with a useful volume of 6000 liters. We can now note with satisfaction that
beginning with the exchange of delegations for acquaintance with scientific centers, our cooperation has
progresseéd to the conducting of large joint scientific experiments. The signing and realization of this agree-
ment represents not only an outstanding contribution to the development of high-energy physics, but also
an example of the fruitful cooperation of two countries with different social structures in the sbirit of friend-
ship and mutual understanding.

In connection with the announcement of the Soviet Union at the 12th Session of the General Conference
of the IAEA of readiness to enrich the uranium raw materials of interested countries up to 2.5-5% with re~
spect to U in May, 1971, a contract was signed in Paris to provide the French side with the service of
enrichment of French uranium ore at Soviet enterprises under mutually profitable conditions.

According to the agreement between the GKIAE of the USSR and the European Organization of Nuclear
Research (CERN) in 1967, such equipment for the Serpukhov accelerator as a system of rapid discharge of
a beam of protons, a high-frequency separator of elementary particles, as well as various electronic ap-
paratuses is being developed with the active participation of Soviet specialists in CERN. After the delivery
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of this equipment to Serpukhov, a large group of CERN scientists will come to conduct joint scientific work
on the accelerator. Thus, after the assembly and adjustment of this equipment in the IFVE, a unique com-
plex, including a multistill liquid hydrogen Mirabel chamber and the largest charged-particle channel in
the world.will be created through the joint efforts of scientists of -different countries. Soviet institutes,
scientific research organizations of France and the member countries of CERN will participate in the pro-
cessing of information from the Mirabel chamber, obtained in the form of stereophotographs.

Cooperation with the Canadian state organization "Atomic Energy of Canada, Ltd." on the basis of the
1964 agreement with the National Committee on Nuclear Energy of Ttaly, the reactor center of the Nether-
lands, the Comissariat of Atomic Energy of Belgium (since 1965), and the Atomic Energy Commission of
Denmark .(1968) is also under way. ’

In recent years the cooperation of the USSR with Sweden in the field of atomic science and-technology
has been appreciably expanded. '

In accord with the agreement fixed in the Soviet—Swedish communiqué of 1968, a 30 year agreement
between the governments of the USSR and Sweden for cooperation in the field of the peaceful uses of atomic
energy was signed in Moscow, 1970. The agreement provides for expansion of the volume of cooperation
in comparison with the protocol for cooperation in the field of the peaceful uses of atomic energy signed in
1968, between the GKIAE of the USSR and the Swedish Royal Academy of Engineering Sciences, according
to which there is only an exchange of delegations of scientists and scientific and technical information.

The indicated agreement provides for mutual supply of equipment, including nuclear reactors and
fuel for them, materials and special nuclear materials on a commerecial basis, services for enrichment
of uranium at the enterprises of the USSR, and any materials provided according to the agreement will be
used only for peaceful purposes.

Contacts with the German Federated Republic are being established: in 1970 negotiations on pros-
pects of cooperation between groups of experts of the GKIAE of the USSR and the Federal Ministry of i
Education and Science of the German Federated Republic were held in Moscow; in April, 1971 the USSR
sent a delegation of specialists to the German Federated Republic in the field of high-energy physics;
in June, 1971 Soviet specialists on problems of thermonuclear synthesis were sent to the German Federated |
Republic. ' f
In 1969, a protocol for the construction of an atomic electric power plant with a 440 MW capacity
possessing a reactor with water under pressure, in Finland with the technical aid of the USSR, was signed
between the governments of the Soviet Union and Finland. Readiness of the station for-industrial operation
will be guaranteed before June 30, 1976.

Participation of the USSR in the Activity of International Organizations. As has already been noted,
the USSR is rendering great aid to developing countries within the framework of the JAEA — an organization
specially founded for promoting the use of atomic energy for peaceful purposes and progress, and the im-
plementation of cooperation in this field.

Since the creation of the agency, the Soviet Union has participated actively in its activity, aiding in
every way to fulfill the tasks placed before it.

; During the period that has elapsed, Soviet specialists have substantially expanded participation in

| conferences, symposia, meetings of experts, working groups, and seminars held by the agency and has

| presented a large number of reports and communications on the latest achievements of Soviet atomic science
| and technology. In 1970 alone, about 100 Soviet reports were presented. Such participation is permitting

‘ the establishment and reinforcement of relations with foreign scientists and is sharing the rich experience

| accumulated by Soviet atomic science and technology.

Among the measures that have been taken in the USSR, we should mention the meeting of the Interna-
tional Committee for Nuclear Data (Moscow, 1967); the Third Conference on Investigations in the Field of
Plasma Physics and Controlled Thermonuclear Reactions, at which more than 250 foreign scientists from
20 member countries of the JAEA were present (Novosibirsk, 1968); the meeting of experts on investigations
of the structure of the nucleus, problems of the conservation and transplantation of bone marrow, the fixa-
tion of radioactive wastes in bitumen; the meeting of the international group of communications on thermionic
emission transformation, etc.
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Frequent meetings in the State Committee with co-workers of the Secretariat of the IAEA are also
practiced for the discussion of various problems associated with the participation of the USSR in the activity
of the agency.
The Soviet specialists have participated actively in the regulated activity of the TAEA for the develop-
ment of standards, instructions, rules and recommendations, chiefly on problems of nuclear safety.

At the present time, Soviet research institutions are carrying out 11 contracts and agreements (six
of them on a nonpaying basis) with the IAEA on technical aspects of guarantees, removal of radioactive
wastes, radiospectroscopic investigations, on the use of induced mutations in the selective breeding of
plants, etc.

The Soviet Union also attributes great significance to such important aspects of the activity of IAEA
as the implementation of control functions in connection with theNuclear Arms Limitation Treaty, the use
of nuclear explosions for peaceful purposes, the international system of nuclear information, and the coor-
dination of work in the field of thermonuclear synthesis.

The Soviet delegation has participated actively in the work of the Committee on Guarantees, by which
concrete recommendations have been developed on the structure and content of agreements on control, re-
~ quired by the treaty. Practical possibilities have thereby been opened up for negotiations and the conclu-
sion of agreements on control between nonnuclear states participating in the treaty and the TIAEA.

Participating in measures of the I[AEA on the investigation of the problem of peaceful nuclear ex-
plosions, Soviet specialists have shared their experience in conducting work and development of technical
projects for the use of nuclear explosions in various regions of the USSR national economy. At the 14th
Session of the General Conference of the IAEA, the Soviet delegation shared with the agency motion picture
films on the use of atomic explosions for peaceful purposes (the elimination of a burning gas fountain and
the creation of an artificial water reservoir) and a collection of scientific materials on certain studies con-
ducted by the Soviet Union in this field.

Considering the broad international exchange of information as a means of accelerating scientific,
technical, and economic progress, the Soviet Union has been one of the initiators of the creation of the
first international system of nuclear information in the world, within the framework of the IAEA; it began
operation in April of 1970. Leading Soviet specialists participated in the activity of the working agencies
of the TAEA, occupied with the development of the organizational and technical principles of this system.

Since the creation of the International System of Nuclear Information, the Soviet Union, making use of
its self-imposed obligations, each month has made a regular deposit of Soviet materials falling under the
scope of its subject matter into the system.

Aiding the further improvement of this system every way, we believe that its successful functioning
will aid in the development of atomic science and technology in the developing countries, and also permit
industrially developed countries to exchange scientific and technical information more effectively on the
basis of multilateral cooperation.

The Soviet Union supported the intention of the JAEA to found an international council on thermonu-
clear research within the framework of the agency, in order to improve international coordination of work
in the field of the creation of the thermonuclear reactor The USSR is represented in this council by Acad-
emician I.. A. Artsimovich.

The International Center of Theoretical Physics in Trieste, founded in 1964 by the agency, the
activity of which is now controlled jointly with UNESCO, is promoting the further development of all fields
of theoretical physics through the training of young physicists, especially from the developing countries,
and conducting scientific research and forums. ‘

Eminent Soviet scientists have participated in the measures of the center, delivering lectures, con-
ducting scientific research work (meeting of the working group on plasma physics, 1970), and participating
in the work of symposia (International Symposium on Problems of Modern Physics, 1968).

The international coordination, implemented within the framework of IAEA is greatly promoting the
expansion of economic and scientific and technical relations among states, as a result of which duplication
in scientific research work is being eliminated, with a substantial saving of time and facilities.
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The Soviet Union is participating actively in the work of the scientific committee of the United Nations
Organization on the Effects of Atomic Radiation, whichhas prepared a number of reports for the UN General
Assembly on radioactive fallout as a result of nuclear weapons tests, on the action of natural and artificial
radiation on the environment, on radicactive pollution of the environment, etc. The evaluations and con-
clusion drawn by the committee have played a positive role in the struggle for the cessation of nuclear tests
in the atmosphere, cosmic space, and underwater, and has promoted an eXpanSmn of knowledge of the
levels and action of atomic radiation arising from all sources.

In striving to aid the expansion of international cooperation in the field of standardization, Soviet
specialists are participating actively in the activity of the technical Committee 45 ("Electrical Measuring
Apparatus for the Registration of Ionization Radiations"), of the International Electrotechnical Commission,

its subcommittees and working groups, as well as technical Committee 85 ("Atomic Energy™ of the In-
ternational Organization of Standardization. '

The Soviet Union has played host (Moscow, 1969) to a regular meeting of Technical Committee 45,
in which 60 foreign specialists participated, atwhichquestions associated with the classification of ter-
minology, the unification of radioisotopic apparatus, methods of testing, etc. were discussed.

Participation in International Fairs and Exhibitions. An important role in the strengthening of in-
ternational cooperation and the development of economic and trade relations of the USSR with foreign coun-
tries is played by Soviet exhibits, held both abroad and within the country, and reflecting the achievements
of the Soviet Union in the field of the peaceful uses of atomic energy.

The exhibits "Atoms for Peace," which have been demonstrated in many countries of Asia, Africa,
Europe, North and South America, have enjoyed invariable success.

At the International Exhibition in Montreal EXPO-67, in the exposition of the "Atoms for Peace"
section, thewave from the first Soviet atomic electric power plant in the world to the modern industrial-
type atomic electric power-plants, as well as the success of the USSR in many other regions of ut111zat10n
of atomic energy, were demonstrated.

" In 1967 anniversary exhibitions "Scientific and Technical Achievements of the USSR, " at which the
scientific achievements of our country in 50 years and their application in the national economy, were
demonstrated in the Hungarian People's Republic and the Socialist Republic of Rumania.

The Soviet Union participated in the International Atomic Industry Fair NUCLEX-60 in Basel (Switzer-
land). Models of atomic reactors, isotopic current sources, accelerators for industrial purposes, plasma
installations .for the cutting of metals, laser setups and other objects were represented in the Soviet pavil-
lion. During the exhibition, a scientific and technical conference of representatives from 22 countries of the
world, in which Soviet specialists also participated, was held.

Soviet atomic science and technology was also widely represented at the International Exhibition
EXPO-70 in Osaka. The basic content of the Soviet pavillion was a demonstration of the achievements of
science and technology, with which the Soviet people have come to the glorious anniversary of the organizer
of the soviet state, V. I. Lenin.

Our pavillion at the exhibitions here in Geneva, coordinated with the holding of the Fourth Geneva
Conference on the Peaceful Uses of Atomic Energy, also tells about the successes of Soviet atomic science
and technology.

In only 16 years the Soviet Union has organized 152 exhibits on atomic topics, including foreign ex-
hibitions in 45 countries of the world. The number of visitors to these exhibits abroad — more than 80
million persons — is evidence of the great interest thatis being shown in the success of Soviet atomic
science and technology.

Since the Third International Conference on the Peaceful Uses of Atomic Energy, the basic trends
of work in this field have received further development, and the role of atomic energy in the life of mankind
has increased.

The Soviet Union, as a mighty nuclear power, is interacting with other states, not from the standpoint
of war, but from the standpoint of peace, on which our policy of peaceful coexistence, developed by V. I.
Lenin, is based.

1194

Declassified in Part - Sanitized Copy Approved for Release 2013/02/26 : CIA-RDP10-02196R000300090002-1 '




Declassified in Part - Sanitized Copy Approved for Release 2013/02/26 : CIA-RDP10-02196R000300090002-1
The foreign policy of our Party and Government is directed toward the further manifold improvement
and expansion of economic and scientific and technical relations with all the countries of the world under

conditions of mutual profit and equality in the interest of peace. The international cooperation of the USSR
in the field of the peaceful uses of atomic energy serves these same goals.
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the model for Nobel- Pnzé qun|ng classical -+ Methods of fixation of bacterid for greparation of ultra- i
mvestlgatlons on the fme structure Of the 'thin sections-+ Terminology * Classification of Phages
! gene deciphéring the genetxc code ‘and . Based on Morphological Characteristics ¢ Fllamemouo,

CONTENTS: Electron-Micrascopic Methods of Investi-.
. gation of Bacteriophages: The supporting grids. * Prep- -

trated with original ‘electron micrographs. of Chemical and Physical Agents on Varlous Phages:
Presentlng a morphologlcal classification of Action of pH ¢ Urea and other agents breaking hydro-
phages the book also covers changes in the » gen bonds * Detergerits * Freezing and thawing * The
. _ structure of bactenophages under the influ- * = effect of temperature * Action of adenosinetriphospha-
-1 .. ‘ence of chemital and physical agents. the - tase on phages * The Aggregative Properties of Phage -
' functional.role of the ifdividual structural - Proteins: Polysheaths + Polyrods +Polyheads * Phos-

elements of the phage partncle dunng infec- phatase Activity of Phages and Some Properties of the

.. tion, and the isolation of indiviual structural

o, E 'achvut in structural elements of-phage T2.* Physico-
‘ proteins of the phage in a pure form. THe Y Phas y

chemlcal properties of the contractile protein of phage

‘nomycetes. ' ‘ . SBN306.30421-X -

Contractile Phage Protein: Localization of phospha!ase "

volume contains the results of studies onthe  T2. Organization of Phage DNA During Its Replication

properties of contractile phage proteins and. . .in the Bacterial Cell + Conclusion * Referénces.

the Iocallzatnon of enzyme (phosphatase)ac-  approx. 260pages - PP May1370. . $19.50
* tivity in the structural components of the L
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* AGING IN CELL AND

Proceedmgs of the European Tissue Culture Soc:ety s

1

Edited by Emma Hole¥kova.

o

Prague, Czechoslovak:a

and Vincent 1. Cristofalo -
Associate Member Wistar Institute of Anatomy and B/ology

Ph:ladelph:a Pennsylvama .
Baologucal and medlcal advances have ex-
tended man's potential life-span to the point '
at which the phenomena of aging assume
primary importance as a subject for re-
search. Studies of the smallest,unit of living
organisms—the individyal cell—and of the
tissues composed of such cells have al-
ready raised l'}eated controversies: : .

* How relevant are studies of prolifer-
ating cell cultures to aging in vivo? '

Is the senescence observed in-celli
cultures an-intrinsic, programmed
function of the cell, or is it caused by
nutritional deficiencies or the trauma
of cultivation?

v * What causes the decline in the pro-
liferative capacity of cultured cells—
~ the number of cell generations or the
o ' metabolic lifetime of the cells exam-
. ined? .
Is the limited life-span of normal ver-°
tebrate cells in vitro spemes spe-
cific? .

This review of present knowledge on the
morphological and physiological changes in
cultured cells during aging considers the
questions of aging in culture and of cells

~cultured from donors of different ages: It
presents, furthermore, the first review of the
experimental evidence -from* European and
American laboratories concerning the Hay-
flick-Moorhead hypothesis that aging is an
obllgatory feature of daplo:d cell growth.

.‘

Institute of Physiology . Czecnoslovak Academy of Sc:ences

TISSUE CUI.TURE

Annuat Meeting, held at the Castle of kaovy Czechoslovakia, May 7-10; 1969

Included among the contributions to" this
volume are studies on

. * Heterogeneity of cell size and ‘chro-
mosome number in relation to explan-
tation ' '

Ability of cell?s’from donors of differ-
ent agés to migrate and multiply

Metabolic changes accompanying
aging in vitro, such as nucleic acid
metabolism, respiration, glycolysis,
_ lipid metabolism, and the activities of

. /various enzymes

. Dynamlc morphology of cell death

OF SPEpIAL INTEREST TO: research workers in the«
life sciences; particularly those in biochemistry, mo-
Iecular biology. biophysics, zoology, and medicine.

* CONTENTS Opening remarks * Robert 1. Hay, Cell
- strain senescence in vitré: cell culture anomaly*or an
expression of a fundamental inability of normal cells to
survive and proliferate * J. W. I. M, Simons, A theoret-
ical and experimental approach to the relationship
between cell variability and.aging in vitro ¢ Milena
Soukupova, Emma Holeékovd, and Premysl Hnevkov-
. sky, Changes of the latent period of explanted tissues -
during ontogenesis ¢ David Kr«tchevaky and Barbara V.
‘Howard, Lipid' metabolism in ‘human diploid cells s
Vmcenl J. Cristofalo, Metabolic aspects of aging in
- dlplmd human cells * A. Macieira-Coetho, The de-
creased growth potential in vitro of human f|broblasts
" of adult origin * Jiti Michl and Jana ‘Svobodava, RNA
and DNA metabolism in aging cultured cells * lvan
Stanek, Cell death in tissue culture * Author index *
Subject index.

.

163 pages 1970 $12.50 -
LCC No. 70110800
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